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COiTOR'S  FOREWORT 

This  la  the  third  eection  of  "Cold  Regiona  Scieaca  and  Engineering 
to  appear.  It  aummariaea  exlating  knowledge  on  the  propertlea  of  anow 
aa  a  material;  ita  propertiea  aa  a  cover  will  be  found  in  Il-Cl,  "Snow 
and  Ice  on  the  Earth'a  Surface",  now  under  preparation. 

Or.  Sr  ier  haa  written  moat  of  thta  aection  but  Or.  Kuroiws  waa 
avatV.'  write  on  the  Electrical  Propertiea  of  Snow  aa  aSpecialiat 
in  tubjact. 

Sectiona  of  the  work  will  appear  aa  they  become  ready,  not  necea- 
aarily  in  numerical  order,  but  fitting  into  thia  plan. 
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SNOW  AS  A  MATERIAL 
by 

Henri  Bader 

Snow  is  a  porous,  permeable  aggregate  of  ice  grains.  The  grains  can  be  predomi¬ 
nantly  ingle  crystals  or  close  groupings  of  several  crystals.  The  pores  arc  filled  with 
air  and  ater  vapor.  In  wtt  enow  the  grains  are  coated  with  liquid  water. 

The  characteristic  property  of  snow  is  its  inhe.ent  thermodynamic  instability. 
Consequently  most  of  the  interesting  physical  parameters  inevitably  change  with  time. 
Thia  process  of  change  ic  called  snow  metamorphiam, 

A,  METAMORPHISM 

metamorphism  is  a  change  of  texture  and  structure,  an  evolution  beginning 
with  the  deposition  of  snow  and  ending  only  when  it  hao  ceased  to  exist,  either  by  ablation 
or  by  changing  to  relativeiy  dense  ice. 

A  few  salient  conditions  and  properties  of  the  material  are  responsible  for  meta- 
mcrphism. 

a)  Temperature  proximity  to  the  melting  point.  Even  in  the  coldost  natural 
environment,  the  temperature  is  relatively  close  to  the  melting  point. 

b)  High  vapor  pressure. 

c)  Crystallinity  and  anisotropism. 

d)  Low  viscosity. 

e)  Porosity. 

..  bi  a  small  closed  dry  air  space.  The  temperature 

is  clo«e  to  the  melting  point  of  ice  (say  within  50C).  This  means  a  we  have  a  high 
•*’*,*'"’“*  oscillation  of  the  water  molecules  around  their  lattice  position: 

t  *  r  ‘  '  The  lattice  force  field,  whic.  .trains  the  water 

molecules  from  stra,  ing  away  from  fixed  lattice  positions,  weakens  near  the  crystal 
surface,  am  the  surface  becomes  covered  with  a  quasi-liquid  layer** within  which 
individual  roolecules  .-nd  groups  of  molecules  can  move  around.  One  might  say  that  the 

l!  The  random  thermal  agitation  of  molecules 

at  the  ice  olten  results  in  imparting  to  individual  molecules  velocities  suffitientlv 

high  to  kick  them  out  of  the  surface  layer  into  the  surrounding  air  space,  where  they 
become  a  component  of  the  gas  phase.  As  the  water  vapor  concentration  in  the  air  space 
increases,  an  increasing  number  of  water  molecules  impinge  back  onto  the  '-.e  surface, 
and  those  that  hit  with  low  velocity  at  points  where  the  thermal  agitation  happens  to  be 
low  at  the  m^ent  of  impingement  are  reincorporated  into  the  boundary  layer  A  dv- 
namle  equlUbrU.m  is  established  in  a  very  short  time,  in  which  the  number  of  molecules 
leaving  the  ice  surface  to  move  into  the  gas  space  is  equal  to  the  number  falling  back 
into  the  surface  layer.  The  concentration  of  water  vapor  in  the  gas  phase  is  given  in 
terms  of  vapor  pressure,  which  is  strongly  temperature-dependent. 

Figure  1  shows  this  dependence.  It  also  shows  that  ice  has  a  lower  vapor  pressure 
than  su^rcooled  water  of  the  same  temperature,  which  means  that  ice  and  water  cannot 
co-exist  in  equilibrium  at  temperatures  below  the  melting  point.  U,  for  instance,  a 
piece  of  ice  and  a  dish  of  supercooled  water  were  placed  side  by  side  under  a  bell-iar  at 
-5C,  then  the  would  tend  to  evaporate  until  the  vapor  pressure  in  the  air  in  the 

J*'  •■•■ched  3.17  mm  of  mercury.  But  the  air  would  then  be  supersaturated  with  respect 
to  the  piece  of  ice.  which  has  a  vapor  pressure  of  only  3.  03  mm.  and  more  vapor  mole¬ 
cules  wou  d  fall  into  the  Ico  surface  layer  than  would  be  ejected  from  it.  A  va^r  pTes- 
sure  gradient  would  be  esUblished  between  the  air  over  the  water  dish  and  the  air  over 
t  .e  place  of  ice.  and  water  vapor  would  move  from  the  dish  to  the  ice  by  diffusion 
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OiRCUislon  of  another  aspect  of  this  hypothetical  experiment  is  pertinent  to  the  under¬ 
standing  of  the  principles  governing  snow  metamorphism.  It  concerns  the  rate  of 
transfer  of  water  substance  over  the  vapor  phase.  The  highly  dynamic  nature  of  the 
equilibrium  between  water  or  ice  surface  and  vapor  in  the  surrounding  air  space  signi¬ 
fies  that  a  disturbance  of  this  equilibrium  by  addition  to  or  removal  of  water  vapor  from 
the  air  space  will  be  quickly  compensated  by  condensation  or  evaporation  at  the  surface. 
Experiments^  indicate  that  a  dry  air  layer  about  J  mm  thick  over  ice  is  saturated  to  SCIt 
in  ^  sec  by  evaporation  from  the  ice  surface.  One  might  then  suppose  that,  if  a  flat 
piece  of  ice  were  suspended  mm  over  the  surface  of  the  dish  of  supercooled  water,  the 
rate  of  growth  of  ice  at  the  expense  of  water  would  be  very  rapid.  It  would  actually  begin 
at  a  very  rapid  rate,  but  immediately  the  water  surface  would  begin  to  cool  down  because 
of  tlie  loss  of  latent  heat  of  evaporation  (600  cal/g)  and  the  ice  surface  would  warm  up 
because  of  a  gain  in  heat  of  condensation  (sublimation,  680  cal/g).  This  would  lower  the 
difference  in  vapor  pressure  between  the  two  surfaces  and  proportionally  slow  down  the 
rate  of  vapor  transfer.  The  rate  of  heat  flow  from  the  interior  of  the  water  towards  the 
water  surface  and  from  the  ice  surface  towards  the  interior  of  the  ice  block  would  then 
become  the  dominant  factor  in  controlling  the  rate  of  vapor  transfer. 

In  summary,  one  important  fact  is  that  mass  transfer  over  the  vapor  phase  is  ac¬ 
companied  by  energy  transfer.  If  two  ice  grains  of  different  temperature  are  brought 
close  together,  the  cold  one,  having  a  lower  vapor  pressure,  will  grow  at  the  e.xpensc 
of  the  warmer  one  by  vapor  transfer,  until  the  temperature  difference  is  wiped  out  by 
the  corresponding  heat  transfer.  Now  consider  a  rod  of  ice  in  which  a  constant  tem¬ 
perature  difference  is  maintained  between  both  ends.  There  are  four  heat  transfer  mecha¬ 
nisms,  two  of  which  involve  mass  transfer. 

a)  Heat  flows  in  the  rod  by  conduction. 

b)  Heat  flows  in  the  surrounding  air  by  conduction  t  convection. 

c)  Evaporation  at  the  warm  end  and  condensation  at  the  cold  end  transfer  heat 
and  mass  via  the  vapor  phase.  The  heat  transfer  is  equal  to  '  j  latent  heat  of  subli¬ 
mation  of  the  transported  mass. 

d)  A..t.  f  molecules  will  creep  along  the  quasi-liqv  .arface  layer  from  the 
warm  end  of  t.‘^e  rod,  where  thermal  agitation  is  strong,  towards  the  cold  end,  where  it 
is  weaker.  The  mass  removed  from  the  surface  layer  at  the  warm  end  must  be  re¬ 
placed  by  quasi-iiquefaction  of  the  underlying  crystalline  ice;  thus  the  emerging  trans¬ 
fer  accompanying  surface  molecular  creep  has  the  latent  heat  of  fusion  as  a  maximum 
value,  but  is  perhaps  smaller,  because  the  layer  is  not  quite  liquid. 

The  quoted  values  of  vapor  pressure  are  those  for  equilibrium  over  flat  surfaces. 
Convex  surfaces  have  higher,  and  concave  surfaces  lower,  vapor  press>-:'e  than  flat  ones. 
The  magnitude  of  the  curva.  ire  effect,  as  calculated  from  theory  for  liquids  appears  to 
be  negligibly  small  for  curvatures  larger  than  about  lOp.  Observation,  however, 
indicates  that  it  is  important  in  snow  when  the  grain  curvature  is  as  large  as  a  few 
hundred  microns.  Figure  Z  is  a  series  of  photographs  of  a  snow  crystal  placed  on  a 
microscope  slide,  surrounded  by  a  vaseline  ring,  and  covered  with  a  thin  cover  glaus, 
which  did  not  touch  the  crystal.^  The  slide  was  stored  at  temperatures  always  below 
-Z.5C.  Attention  is  drawn  to  the  following  interesting  features  of  Figure  Z. 

a)  The  frozen  cloud  elements  (diameter  approximately  30p)  picked  up  by  the 
falling  snow  crystal  vanish  very  quickly.  They  do  so  partly  by  evaporating  because  they 
have  a  higher  vapor  pressure  corresponding  to  their  small  radius  of  curvature,  and 
partly  by  flowing  into  the  quasi-liquid  surface  layer. 

b)  The  sharp  points  of  the  branches  become  blunt.  There  is  a  general 
tendency  for  material  to  evaporate  or  creep  away  from  positions  where  curvature  radii 
are  small:  hence  the  branches  separate  from  the  main  body  of  the  crystal  where  they 
are  thin,  and  then  become  rounded.  The  larger  spheres  then  grow  at  the  expense  of 
the  smaller  ones,  exclusively  by  vapor  transfer,  since  there  is  no  contact. 

Proof  that  surface  creep  is  significant  was  obtained  by  similar  experiments*  where 
vapor  transfer  was  suppressed  by  immersing  the  snow  crystals  in  kerosine.  Metamor- 
phlsm  was  tlien  a  few  times  slower  than  in  air. 


SNOW  AS  A  MATERIAL 


5 


M 

Figure  3.  Symmetric^!  metamorphiam  of  a  snow 
crystal  in  a  small  air  space.  Magnification  If... 


Figure  4.  Graph  of  diameter  of  crystal 
of  Figure  3. 


Figure  3,  also  of  a  crysttl  in  a 
small  air  space,  shows  symmetrical 
behavior,  g  *  v  aided  by  the  fact  that 
only  the  rai  nter  (white  spot)  was 

in  contact  w.  .  .e  glass  slide.  As  a 
model  of  metamorphism,  it  reveals 
three  interesting  features.  One  is  that 
the  rate  of  change  is  highly  temperature* 
dependent',  there  was  very  little  change 
during  7  days  at  *11.  SC  (Fig.  4). 

Another  is  that  the  rate  of  change  de¬ 
creases  with  time.  The  third  is  that  at 
temperatures  very  close  m  the  melting 
point,  surface  teneion  in  the  quasi-liquid 
surface  layer  can  overcome  the  tendency 
of  the  lattice  to  form  crystallographic 
elements  (planes,  edges  and  vertice'  ). 

The  4S  'day  picture  is  of  a  flat  hotagonal 
prism  with  rounded  edges,  which  in  9 
days  at  -2.  SC  changes  to  a  cylinder. 

This  would  not  have  happened  if  the  temp¬ 
erature  had  been  a  few  degrees  lower,  or 
if  the  crystal  had  been  much  larger. 
Furthermore,  if  the  temperature  had  been 
much  lower,  the  edges  of  the  prism  would 
have  become  sharper.  It  is  most  probable 
that,  given  enough  time  at  a  temperature 


sufficiently  low  to  suppress  surface  tension  effects,  any  ice  crystal  will  assume  the  equi¬ 
librium  shape  of  a  hexagonal  prism  of  approximately  equal  width  and  height.  Old  snow 
grains  tend  to  become  equidimensional  and  to  develop  crystallographic  faces  if  they  are 
large  or  if  the  temperature  is  low. 
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As  alread/  stated,  the  surface  of  an  ice  crystal  surrounded  by  air  is  covered  by  a 
very  thin  quasi-liquid  layer  in  which  the  water  molecules  can  move  fairly  freely,  in 
contrast  to  conditions  in  the  Interior  of  the  crystal,  where  they  occupy  distinct  lattice 
positions.  When  two  crystals  are  brought  into  contact,  the  thin  surface  layers  merge 
and  molecular  mobility  diminishes  as  the  constraining  f  rce-flelds  of  the  lattices  act¬ 
ing  from  both  sides  gain  the  upper  hand.  The  quasi-liquid  layer  does  not  completely 
vanish  unless  the  lattices  of  the  two  crystals  fit  together  perfact’y  (i.  e.,  the  crystallo¬ 
graphic  axes  happen  to  be  strictly  parallel).  An  amo^-puuus  interface  (grain  boundary) 
remains,  which 's  normally  plane  and  visible  as  a  thin  line  in  section.  The  formation 
of  this  relatively  stable  intergrain  boundary  can  occur  within  minutes  under  optimum 
conditions.  It  is  favo>ed  by  pressure  and  high  temperatures  and  retarded  by  low  tem¬ 
perature  which  slows  molecular  diffusion. 

The  intergrain  boundary  bonds  the  two  crystals.  The  strength  of  the  bond  is  not 
sensibly  different  from  that  of  the  crystal  itself;  and  there  is  no  detectable  difference 
between  bond  formed  with  or  without  melting  and  no  reason  for  assuming  that  they  should 
be  different.  The  dry  bond,  however,  forms  more  slowly  than  the  wet  one.  When  a 
piece  of  snow  is  broken  or  crushed,  failure  occurs  predominantly  at  the  grain  bonds, 
which  are  weak  sections  only  because  they  are  small.  The  larger  the  individual  and  total 
grain  contact  areas,  the  stronger  the  snow.  The  original  contact  area  (bond)  between 
two  convex  grain  surfaces  is  very  small.  It  probably  very  soon  attains  its  maximum 
strength  per  unit  area,  so  that  increasing  strength  with  time  (age-hardening  of  snow)  is 
due  to  increasing  size  of  the  contact  area.  It  is  interesting  to  note  that  increase  in  con¬ 
tact  area  between  two  grains  is  not  accompanied  by  significant  reduction  of  the  distance 
between  grain  centers. Thermodynamic  processes  in  snow  do  not  of  themselves 
affect  the  snow  volume.  They  can,  however,  change  the  density  by  adding  to,  or  sub¬ 
tracting  from,  the  mass  in  a  given  volume. 

Gravitation  causes  primary  vertical  body  forces  in  the  snow  mass  which  are 
transmitted  in  all  directions  from  grain  to  grain  in  the  structure. 

There  are  two  main  effects  of  these  forces: 

a)  Desi  ccation  by  viscous  shear  deformation  alon,  .rain  boundaries  and 
grain  deformatirnl  which  produce  denser  packing,  normally  wiiiiout  loss  of  cohesion. 
Sudden  structural  collapse  by  breaking  of  bonds  occurs  when  the  crushing  strength  of  a 
snow  layer  is  r^-acl  ed  by  the  weight  of  overlying  snow  accumulation.  This  often  happens 
in  "depth  hoar,"  a  coarse-grained,  poorly  bonded,  highly  viscous  type  of  sr.ow,  and  is  a 
major  cause  of  avala.iching.  Other  types  of  snow  have  sufficiently  low  viscosity  to  react 
to  slowly  increasing  load  by  densification  accompanied  by  sufficient  increase  in  crushing 
strength  to  prevent  structural  collapse.  Densification  by  plastic  mechanical  deformation 
of  the  single  crystal  grains  is  most  probably  insignificant,  except  in  the  e-'e  of  the  dense 
snow  occurring  at  depths  of  tens  of  meters  in  glaciers. 

b)  The  Riecke  effect.  This  may  be  an  important  metamorphism-accelerating 
factor,  but  is  not  known  to  be  so.  When  a  crystal  in  equilibrium  with  its  liqiiid  or  vapor 
phase  is  stressed,  solubility  or  vapor  pressure  differences  are  produced.  More  highi/ 
stressed  parts  of  the  snow  crystal  surface  will  melt  if  wet,  or  evaporate  if  dry,  and  less 
stressed  parts  will  grow.  A  spherical  grain  squeezed  between  two  others  will  thus  tend 
to  flatten  more  or  less  eliptically.  The  result  is  similar  to  that  produced  by  plastic  de¬ 
formation  of  the  grains,  but  is  perhaps  achieved  at  lower  stresses. 

Wo  can  distinguish  four  fairly  distinct  kinds  of  snow  metamorphism;** 

1)  Destructive  metamorphism  of  dry  snow.  A  few  days  alter  deposition  of 
the  original  snow,  crystal  shape  is  almost  completely  lost.  Often  its  only  indication  is 
that  larger  flat  snow  stars  have  changed  into  somewhat  flat  grains.  The  end  product  of 
dest.nictive  metamorphism  usually  consists  of  a  fine-grained  snow  of  density  between 
0. 15  and  0.  ZS  g/cm*.  This  is  the  skier's  powder  snow.  Grains  are  rounded  and  weakly 
bMded.  Each  grain  is  a  single  crystal  with  only  one  or  two  small  crystallographic 
faces.  Very  few  grains  are  smaller  than  0.  Z  mm,  the  predominating  size  being  from 
0.  5  to  1  mm,  sometimes  somewhat  larger. 

Further  metamorphism  of  this  snow  depends,  if  it  sUys  dry,  above  all  on  whether  or 
not  it  is  plastically  densliied  by  the  load  of  later  snowfalls.  If  the  snow  is  densilied  to 


Figure  5.  Depth  hoar  cryetals  100  days  old  Figure  6.  Wet  spring  snow,  large 
Density  0.  Z6  g/cm*.  Magnification  3x.  composite  graiuj.  Magnification  4x. 


Figure  7.  Screened  fractions  of  granular  snow. 
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ai  much  a>  0.  3  g/cm*,  further  increase  In  grain  size  becomes  very  alow.  But  the  area 
of  grain  cont-.ct  increases  and  the  snow  hardens.  Only  on  polar  glaciers,  where 
such  snow  never  melts,  do  we,  in  the  course  of  one  or  two  years,  observe  significant 
further  grain  growth  anj  moregenerous  development  of  crystallographic  elements,  often 
accompanied  by  some  reduction  in  strength.  This  is  slow  constructive  metamorptsism. 

2)  Constructive  metamorphism  of  dry  snow  consists  in  growth  of  grains  to 
significantly  more  than  l  inm,  with  development  of  crystallographic  elements  {faces, 
edges,  and  vertices).  It  is  slow  if  the  density  is  high.  If  the  density  is  below  about 

0.  3  g/cm*,  it  can  became  very  rapid  when  vapor  transfer  is  accelerated  by  convective 
air  flow  in  the  large  pore  volume,  owing  to  a  strong  positive  temperature  gradient 
(colder  at  the  top  than  at  the  bottom).  The  end  product  of  constructive  metamorphism 
is  a  very  distinctive  snow  type  known  as  "depth  hoar,"  or  "Schwimmschnee"  from  the 
CSerman.  Here  grain  size  is  between  2  and  8  mm,  and  single  crystals  as  large  as 
IS  mm  are  observed.  They  often  shew  excellent  crystallographic  development  (Fig.  5), 
large  faces  and  sharp  edges  and  vertices?  A  variety  shapes  can  be  observed, 

such  as  short  prismatic  or  tabular  solid  crystals,  and  hollow  hexagonal  or  rectangular 
cups.  Bonding  of  grains  in  depth  hoar  is  very  poor;  it  has  a  high  viscosity  and  low 
strength,  and  can  be  collapsed  by  shock  or  surcharge,  to  the  increase  of  which  it  cannot 
react  by  rapid  viscous  densification.  Depth  hoar  is  a  troublesome  snow  types  it  is  a 
major  cause  of  avalanching,  is  a  great  hindrance  to  oversnow  traffic,  and  is  most  dif¬ 
ficult  to  compact  to  hard  roads  and  runways.  The  lightest  depth  hoar  has  a  density  of 
little  less  than  0.2  g/cm*,  and  the  heaviest  little  more  than  0,3. 

3)  Melt  metamorphiim  characterizes  the  changes  produced  in  snow  by  the 
presence  of  liquid  water.  When  snow  becomes  moist,  temperature  gradients  and  their 
effects  vanish.  But  the  rate  of  densification  of  low-density  snow  increases  because  of 
the  constrictive  effect  of  the  high  surface  tension  of  the  water  film  covering  all  the 
grains.  All  crystallographic  elements  quickly  vanish.  Crystals  become  rounded  and, 
for  an  unknown  reason,  some  intercrystalline  bonds  grow  very  rapidly  while  others 
dissolve.  Clusters  of  several  grains,  which  form  small  denser  igions  in  the  snow 
structure,  coalesce  to  large-  polycrystalline  grains  (nee  Fig.  »  bonding  between 
grains  in  ver>  .  As  meltwater  percolates  through  the  sa-  .ystals  normally 
grow  to  a  niaxim.'.im  size  of  about  3  mm  and  composite  grains  to  about  15  mm.  Within 
a  few  days  this  metamorphism  produces  the  well-known  "rotten”  .mow  of  the  thaw 
season. 

In  the  accumulation  areas  of  glaciers,  melt  metamorphism  produces  c'^arse-grained 
ndvd,  which  can  acquire  any  density  up  to  that  of  ice  by  slow  plastic  densification  and 
annual  addition  of  ice  mass  by  freezing  of  percolating  melt  water. 

W'..en  wet  snow  freezes,  it  acquires  high  strength  because  bond  size  is  ‘rereased  by 
the  freezing  of  water  preferentially  retained  at  the  re-entrant  surfaces  at  the  bonds.  It 
again  loses  strength  on  becoming  wet  because  bonds  decrease  in  size  by  preferential 
melting  perhaps  mainly  due  to  concentration  of  temperature-depressing  soluble  impuri¬ 
ties  there.  Percolating  meltwater  is  not  equally  distributed  in  all  layers  of  a  snowpae'e. 
Some  retain  vary  little,  while  others  absorb  water  almost  to  saturation  and  convert  to 
dense  ice  layers  or  leases  on  refreeziug. 

•4)  Pressure  metamorphism.  This  is  a  new  term,  introduced  here  to  charac¬ 
terise  the  densification  of  dry  ndvd  on  high  polar  glaciers,  it  can  take  nd^d  many  decades 
to  change  from  snow  of  density  around  0.  45  to  ice  of  density  0.83  g/cm*  (this  is  the 
density  at  which  the  air  permeability  decreases  to  zero,  and  snow  changes  to  ice  by 
definition).  Thermodynamic  processes,  such  as  grain  and  grain-bond  growth  by  vapor 
or  surface  migration,  appear  to  be  of  secondary  importance  during  this  period  of  very 
slow  change,  the  situation  being  dominated  Oy  processes  of  mechanical  deformation  under 
pressure.  Hard  surface  crusts  are  formed  in  several  ways. 

a)  Refreesing  of  surface  layers  wetted  by  thaw,  rainfall  or  wet  fog  fall-out. 

b)  Surface  condensation  from  moist  air. 

e)  Packed  deposition  of  windbome  drift  snow. 
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d)  Condenaation  of  vapor  moving  up  from  below  the  aurfacei  by  diffusion  or 
convection!  crusts  between  snow  layers  are  perhaps  also  formed  by  vapor  migration. 

Crusts  are  important  diagnostic  features  in  the  snow  pack,  especially  as  an  aid  in 
counting  annual  layers.  There  are  still  unexplained  crust  formations  in  dry  snow. 

B.  STRUCTURE 

Any  snow  which  has  gone  through  the  stage  of  destructive  metamorphism  is  granular 
(Fig.  7)  and  can  have  any  density  above  about  0.  15  g/cm*.  If  such  snow  is  disaggregated 
and  heaped  when  cold,  it  will  show  a  porosity  of  about  0.  45  (density  0.  5  g/cm*)  similar 
to  that  of  a  heap  of  dry  sand.  This  demonstrates  that,  except  possibly  in  the  vicinity  of 
density  0.  5,  the  structure  of  snow  as  a  granular  aggregate  is  not  akin  to  that  of  a  lightly 
sintered  granular  heap.  Lowdensity  dry  snow  (less  than  0.  5),  which  includes  all  season* 
al  snow,  has  a  very  irregular  structure,  perhaps  best  described  as  composed  of  randomly 
oriented  intersecting  chains  of  grains.  This  type  of  structure  can  be  derived  from  one 
consisting  of  packed  granules,  by  conceptually  removing  some  of  the  grains,  leaving  an 
irregular  lattice.  In  such  a  structure  a  significant  number  of  the  grains  ha/e  a  high 
degree  of  mobility  affecting  only  a  small  volume.  In  other  words,  the.'e  are  relatively 
large  pore  spaces  into  which  grains  can  move  when  the  structure  is  deformed.  This 
property  of  the  structure  of  low-density  snow  is  important  to  an  understanding  of  its 
mechanics.  It  could  be  deformed  by  shearing  of  grain  contact  areas,  without  deformation 
of  Individual  grains.  As  the  density  increases,  the  average  number  of  grains  in  contact 
with  each  grain  increases,  and  the  degree  of  mobility  decreases.  At  a  density  of  around 
0.  5  g/cm*  the  condition  of  close  packing  is  approached,  and  further  densificaUon  is  not 
possible  without  deformation  of  grains. 

The  thin  section  (Fig.  8a)  is  of  dry  lO-yr-old  ndvd  from  8  m  depth  in  the  Interior  of 
the  Greenland  ice  sheet. **  The  grain  sections  are  white,  the  lines  are  grain  boundaries 
and  the  black  areas  pore  space.  Density  is  0.  50  g/cm*  (poros<tv  45.  4%),  mean  grain 
cross-sectional  area  0.  5  mm*,  ratio  of  total  length  of  grain  ''  daries  to  total  grain 
perimeter  is  0.  )5.  There  are  120  grains  per  cm*.  Figure  of  a  thin  section  of 

dry  ndvd,  7o  yva  s  old.  The  density  is  0.  73  g/cm*  (porosit)  .  4%),  close  to  that  of 

ice.  Mean  grain  cross-sectional  area  is  1.0  mm*,  and  grain -boundary  to  grain-perim¬ 
eter  ratio  is  0.  63.  There  are  80  grains  per  cm*. 

Assuming  thal  the  two  snows  were  originally  the  same,  it  took  60  years  at  -24,  5C 
with  pressure  increasing  linearly  fiom  0,  3  to  2.  8  kg/cm*  at  the  rate  of  0.  04  kg/cm*-yr 
to  halve  the  porosity  and  double  the  mean  grain  cross-sectional  area.  Figure  9  gives 
the  relation  between  density  and  the  mean  number  of  grain  contacts  per  grain  (in  thin 
section}**.  It  appears  to  show  a  discontinuity  at  density  0.  5  g/cm*.  Sin-ls  thin  sections 
of  snow  of  density  lower  than  0.  3  g/cm*  show  mainly  isolated  grain  sections  and,  except 
for  studies  of  grain  crystal  axis  orientation,  yield  almost  no  information  on  the  struc¬ 
ture.  A  large  number  of  very  closely  spaced  parallel  sections  must  be  made,  and  the 
structure  model  cannot  be  well  presented  in  print.'* 

Description  and  statistical  treatment  of  pertinent  parameters  of  snow  structure  are 
not  yet  sufficiently  well  developed  to  permit  good  translations  of  data  from  two-dimen¬ 
sional  thin  sections  to  the  three-dimensional  structure'*.  This  inherently  difficult 
problem  is  complicated  by  the  fact  that  toe  snow  structure  is  very  often  anisotropic. 
Structure  anlsotropiem  is  of  two  types.  The  first  is  geometric,  for  instance  parallelism 
of  flattened  grains,  and  has  hardly  been  studied.  The  second  refers  to  orientation 
patterns  of  the  crystallographic  c-axls  of  the  grains,  determinable  by  optical  means. 

We  can  sometimes  find  a  primary  vertical  preferred  orientation  due  to  preferred  sedi¬ 
mentation  of  plate  or  star  snow  crystals  in  horizontal  position.  The  same  preference 
develops  during  destructive  and  constructive  metamorphism,  where  c-axis  position 
psrallel  to  the  maximum  temperature  gradient  appears  to  be  advantageous  to  grain 
growth.  In  dry  snow,  pressure  metamorphism  favors  the  development  of  grains  with 
vertical  c-axes,  but  it  is  not  known  whether  grains  tend  to  rotate  to  this  position  or 
whether  those  with  vertical  axes  grow  at  the  expense  of  differently  oriented  ones. 
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Figur*  8a.  Thin  taction  of  lO-yr-otd  neva. 
Oanaity  0.5  g/cm*.  Pore  area  U  black. 
Magnification  3.  8x.  (From  Fachtt  ref.  13), 


Figure  8b.  Thin  teetieu  ef  70*yr>old  n^«8. 

Oenaity  0.73  g/cm*.  Magnification  3.8x. 

(From  Fucbt,  r^.  13) 

Shearing  deformation  produces  strong  orientation  to  parallelism  of  basal  planes  (normal 
to  c*axis)  with  the  shear  plane,  white  tension  leads  to  a  structsre  with  grain  basal 
planes  predominantly  parallel  to  the  direction  of  tensile  stress.* 

A  thorough  basic  study  of  snow  metamorphism  and  snow  mechanics  in  relation  to  snow 
structure  is  yet  to  be  done. 

C.  TEXTURE 

Snow  crystal  shape  has  already  been  discussed  under  noetamorpbiam.  In  relatively 
new  dry  snow,  up  to  several  months  old,  the  grain  is  predominantly  a  single  crystal, 
but  in  older  dry  snow  there  is  a  tendency  towards  formation  of  grains  consisting  of 
sevsral  crystals.  The  process  is  apparently  a  dry  "fusion"  of  ssvsral  close  neighbors 
to  a  mors  or  less  irregularly  shaped,  internally  strongly  bonded  unit,  which  then  be* 
ewnes  the  new  grain  of  the  snow  structure.  In  the  course  of  decades,  as  this  snow  is 
compressed  to  ice  on  high  polar  glaciers,  one  of  the  crystals  ef  tbd  grain  slowly  grows 
at  the  expense  of  the  others,  until  we  again  have  a  single  crystal  grma.  For  determin¬ 
ation  of  grain  sise  distribution,  weakly  bonded  granular  snow  can  be  mechanically 
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Figure  9.  Poroiity  end  density  vs  meen 
number  of  adjacent  grains  per  grain, 
(i'fo.n  Fuchs,  ref.  13) 
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Figure  10.  Cumulative  mass  graph  of 
grain  size  distribution  in  alpine  snows. 

(From  DeQuervain,  ref.  11) 

disaggregated,  and  screened  *  or  elutriated'*. 
The  majority  of  size  an.rlyses  show  an  approxi¬ 
mately  linear  graph  of  cumulative  mass  versus 
gram  diameter,  with  the  curved  ends  often 
seen  in  graphs  of  soil  analyses.  The  average 
diameter  lies  close  to  the  50%  cumulative 
mass  value,  the  mass  of  grains  smaller 
than  0.  2  mm  is  very  smalt,  and  the  maxi¬ 
mum  size  is  close  to  twice  the  average  size. 
The  linear  portion  o’  the  cumulative  Retri¬ 
bution  curve  reaches  from  about  |  average 
diameter  (baaed  on  mass,  not  on  number  of 
grains)  to  l|  average  diameter  and  covers 
80%  to  90%  of  )' '  tal  mass.  Figure  10 
shows  a  numbe  istribution  curves  for 
Alpine  snows  a>  ..ows: 


Curve 

Density  (g/ 

la,  Ib 

6 

.214 

2a,  2b 

15 

.i9Z 

3 

42 

.323 

4a,  4b 

96 

.285 

9a,  5b 

118 

.357 

6a,  6b 

175 

.228 

There  are  many  ways  of  determining  and  defining  grain  size  and  grain  size  distribution. 
and  in  quantitative  work  on  snow,  a  generally  accepted  convention  has  not  yet  been 
established.  When  mow  is  screened  into  fractions,  we  will  define  the  mean  grain  d.am- 
oter  d  of  a  fraction  in  terms  of  the  length  of  the  side  of  the  square  mesh  opening.  If  the 
fraction  passes  through  squares  of  side  length  ^and  is  retained  on  squares  of  side  m, 

then:  _ 

d  »  Vk(m  . 

If  W  is  the  weight  of  a  fraction,  and  the  mixture  is  separated  into  n  fractions  of  mean 
grain  diameters  then  the  mean  diameter  ^  of  the  mixture  is:  ~ 
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II  grain*  am  counted  and  measured  under  thj  microscope,!*  a  rather  complicated 
computation  has  to  be  made  to  obtain  ^  s.m  determined  by  screening,  because  the  grains 
are  not  spherical.  U  measurements  are  made  on  thin  sections  of  snow,  determination 
of  d(  becomes  still  more  difficult.  This  subject  requires  research,  because  well  bonded 
sn^  cannot  be  disaggregated  for  screening  without  excessive  breaking  of  grains.  Defi* 
nition  oi  grain  shape,  pertinent  to  the  definition  of  grain  sixe,  is  another  aspect  of  snow 
texture  nich  requires  attention. 

D.  INETX  PROPERTIES  *♦ 

Identification  of  snow  type  for  any  given  purpose  is  n.t  a  well  developed  subject,  and 
a  great  deal  of  systematic  work,  consisting  of  determination  of  a  large  number  of  param¬ 
eters  on  many  different  snows,  would  have  to  be  done  to  make  it  so.  The  following 
index  properties  are  considered: 

1)  Density  (specific  gravity)  is  mass  per  unit  volume,  usually  expressed  in 
g/cm*,  but  engineers  sometimes  prefer  Ib/ft*  (1  g/cm*  =  62.  4  Ib/ft*).  Density  is 
measured  by  weighing  a  known  volume,  or  melting  a  known  volume  of  snow  and  measuring 
the  volume  of  melt  water.  By  careful  use  of  the  standard  SIPRE  500  cm*  snow  tube 
(stainless  steel  58/60  mm,  198  mm  long)  density  is  easily  measured  to  three  significant 
ftgures.  For  the  purpose  of  correlation  with  other  propertie.:,  two  significant  figure* 
are  often  insufficient.  Density  is  by  far  the  most  signihcant  index  property  of  snow. 

2)  Porosity  and  void  ratio 

Porosity  is  the  ratio  of  volume  of  voids  to  snow  volume.  This  is  the 
absolute  porosity  n,  and  is  calculated  from  the  snow  density  y  and  the  ice  density  y^; 


n  * 


Yl-Y 


0.  917  -V 

“017 


=  1  -  1.090y. 


Table  i  gives  values  of  the  absolute  porosity  n  (in  percent)  for  ties  between  0.  030 

and  0.  917  g/c:  *  T*  e  relative  porosity  refe7s  to  the  volume  r  tommunicating 
pores,  and  is  almos,  equal  to  absolute  porosity  for  low-  or  med.„,n -density  snow. 

Only  in  very  high-density  snow,  above  0.  7  g/cm*,  does  the  volume  of  the  isolated  pore* 
become  *igitific.ir.t.  Vo  measure.-nent*  of  relative  porosity  of  high-density  snow  have 
yet  been  made. 


The  void  rati. ». 
solid  substance. 

Yi-Y 
e  »  — - 
Y 


e,  is  the  ratio  of  the  volume  of  voids  to  the  volume  of  the 


n 

FS* 


3)  Hardness  is  the  resistance  to  penetration  by  a  rigid  object.  The  most 
commonly  used  instrument  is  the  drop-hammer  actuatnd  Swiss  Rammsonde,  a  tube  with 
a  conical  tip.*  The  penetrating  cone  ha*  a  60-deg  angle  and  a  base  diameter  of  40  mm. 
The  ram  hardness  number  is  expressed  in  kilograms,  and  run*  up  Co  a  few  thousand 
for  very  hard  snow  of  density  0.  5  g/cm*.  The  Canadian  hardn'ss  gage,  a  hand-pushed 
spring-loaded  circular  plate,  ha*  been  much  used  in  softer  snow*  to  measure  the 
crushing  strength  in  situ.  The  Canadian  hardness  number  is  expressed  in  kg/cm*.  Both 
these  instruments  penetrate  at  rates  sufficiently*  high  to  eliminate  effect*  of  plastic 
deformation.  The  slow  CBR  Test  (California  Bearing  Ratio),  developed  for  soils,  is 
used  only  in  very  hard  snow. 

4)  Grain  sise  is  determined  by  visual  inspection  (with  hand  lens)  of  grains 
spread  out  on  a  plat*  having  a  1  mm  grid,  by  measurements  under  the  microscope,  or 
by  screening  or  elutriation.  Crain  sise  is  usually  given  in  mm,  but  often  only  qualitative 
statements  are  made,  such  ae  reference  to  fine -,  medium-,  coarse-,  or  very  coarsej’ 
grained  snow.  This  refers  to  the  predominating  grain  diameter,  and  here  the  classifi¬ 
cation  of  Schaefer,  Klein  and  De  Quervain  **  is  gaining  popularity. 
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Predominating  grain 
diameter  (mm) 


Designation 


<  0.  5 
0.  S  to  I  .  0 

1.  0  to  2.  0 

2.  0  to  4. 0 
>4.0 


very  fine  grained 
fine  grained  jig) 

medium  gi-aiued  (mg) 

coarse  grained  '.eg) 

very  coarse  grained  (veg) 


5)  Crain  shape  is  observed  mainly  for  distinguishing  betv/een  different  types 
of  new  snow,  fer  identification  of  depth  hoar,  and  for  deciding  that  t  given  dry  snow  has 
or  has  not  been  previously  wet. 

6)  Permeability  is  given  in  terms  of  the  Inverse  of  the  resistance  to  the 
passage  of  air  through  snow.  It  is  a  most  useful  parameter  for  definition  of  snov  type, 
but  has  not  been  used  much  for  lack  of  a  field  instrument.  Pernieability  is  discussed  in 
a  separate  section. 

7)  Ultimate  strength.  Tensile,  shear  and  crushing  strengths  must  be  measured 
St  high  rates  of  loading  to  eliminate  the  effects  of  plastic  yielding  (testing  time  of  the 
order  of  10  sec).  Fur  practical  purposes,  tensile  strength  is  equal  to  cohesion  (shear 
strength  at  zero  normal  pressure).  Relatively  simple  instruments  have  been  built  for 
field  use,  but  the  necessity  of  many  tests  to  compensate  for  wide  scatter  (standard 
deviations  of  30%  are  common)  has  limited  their  use. 

8)  Temperature.  This  is  not  usually  considered  to  be  an  index  property  in 
classification  of  materials.  In  snow,  however,  the  value  of  many  parameters  is  no 
highly  temperature-dependent,  that  the  latter  must  be  included.  Its  maximum  value  is 
OCi  reported  positive  values  are  erroneous. 

9)  Newtonian  viseositv. 

1 0)  Liquid  water  content. 

1 1)  Elastic  parameters. 

12)  Structural  parameters. 

13)  Thermal  conductivity. 

1^)  -  Dielectric  properties. 

Items  9*14  are  only  mentioned  here  because  they  have  been  too  difficult  to 
measure  with  useful  accuracy  in  the  field. 

Good  reports  of  snow  investigations  in  the  field  should  include  at  least 
determination  of  density,  hardness,  grain  size,  grain  shape  (or  descriptive  terms 
implying  grain  shape,  such  as  "granular”  or  "depth  hoar")  and  temperature. 


E.  PERMEABIUTY 

The  permeability  of  snow *»■*••*  is  an  important  property;  its  value  covers  a  wide 
t^ange  and  is  very  sensitive  to  changes  in  density,  texture,  or  structure.  It  is  meaeured 
aa  permeability  to  flow  of  air,  and  coefficient  K  of  air  permeability  is  defined  as 
follows: 

K  r  ^  cm/sec 

where  O  *  volume  rate  of  air  flow  (cm*/sec) 

A  *  cross  section  of  snow  sample  (cm*)  normal  to  direction  of  air  flow. 

L  *  length  of  sample  In  direction  of  air  flow  (cm) 

AP  =  air  pressure  head  (cm,  in  terms  of  height  of  water  column) 

V  a  air  velocity  cm/sec  (calculated  over  cross  section  A) 

1  «  air  pressure  gradient  (cm  water  /  cm  length  of  sample) 
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Permeability  is  meainred  at  some  temperature  below  Ireezing  and  can  be  reduced 
to  the  standar'*  temperature  of  OC  by  a  small  correction  resulting  from  variation  of  air 
viscosity  with  temperature.  Air  viscosity  drops  with  temperature,  so  that  the  measured 
permeability  is  higher,  the  lower  the  temperature.  The  correction  is  very  close  to  1% 
per  3C.  No  barometric  correction  is  necessary. 

For  to  be  constant,  Q/AP  muot  be  constant,  i.e.  measurement  must  be  made 
within  lue  laminar  flow  lan^e.  Eicpsriments  show  that  the  upper  limit  is  v  =  5  cm/scc 
for  fine-grained  snow  and  v  ^  1  cm/sec  for  coarse-grained  snow. 

Very  coarse-grained  depth  hoar  with  K  StlSOO  requires  measurement  under  a  pressure 
gradient  (i)  not  exceeding  0.  OOOS.  AP  for  a  sample  20  cm  long  is  then  0.  1  mm  of  water 
so  that  measurement  to  0  01  mm  is  necessary  for  a  10%  accuracy  in  I^;  but  for  most 
snows  the  accuracy  then  ia  close  to  1%.  A  good  snow  permeameter  measures  ^  to  better 
than  1%,  and  AP  to  0.  01  mm  of  water  pressure.  It  is  convenient  to  use  SIPRE  standard 
snow  tubes  with  a  cross  section  of  24.  6  cm*  which  is  large  enough  to  render  edge  effects 
negligible  If  there  is  no  gap  between  snow  and  cylinder  wall. 

Ks  is  the  air  permeability  of  snow  at  its  natural  porosity  n  It  is  an  empirical  fact, 
not~yet  theoretically  understood,  that  if  a  snow  sample  in  a  tube  is  crushed  (densified) 
in  increments  with  successive  measurements  of  n  and  the  corresponding  the  followdng 
relation  holds: 

AfiN 

K  =  where  a  and  Ij^  are  constants. 

The  parameters  a  and  ar:  easily  deter.riined  graphically  by  plot'>.  >\/'n  against  K, 
and  drawing  a  line  through  the  paints,  which  are  usually  surprisingly  .11  lined  up.  a  is 
then  the  intercept  on  the  K/n  axis,  and  ^is  the  reciprocal  of  the  slope. 


Table  II.  Permeability  cf  a  new  snow  upon  compac  >  increments, 
Ne  from  Wilmette,  Illinois,  sampled  16  hrs  'ailing.  Sam¬ 

ple  tube  length  18.9  cm,  cross  section  2*..  u  cm* 


Length  of 
sample  (cm) 

V 

n 

1x10* 

K 

K/n 

Natural  condition 

18.9 

0.  094 

0.  897 

4.475 

261 

291 

1st  compaction  to 

18.4 

0.  097 

0.  894 

4.  595 

254 

284 

2nd  compaction  to 

17.9 

0.  099 

0.892 

5.815 

201 

22S 

3rd  uompHCtion  t  > 

17.4 

0.  102 

0.  889 

6.  175 

189 

2;'« 

4th  compaction  to 

16.  9 

0.  105 

0.  885 

6.  55 

178 

201 

Sth  compaction  to 

15.9 

0.  112 

0.  878 

7.  66 

152 

173 

6th  compaction  to 

14.9 

0.  119 

0.870 

9.  09 

128 

147 

7th  compaction  to 

13.9 

0.  128 

0.  860 

10.  72 

109 

127 

8lh  compaction  to 

12.9 

0.  138 

0.  849 

12.  73 

92 

108 

Table  U  is  .i  .ypical  exampie.  Figure  11  is  a  graph  of  versus  K/n  from  Table  II, 
from  which  a  s  8  ami  N  --  0.  922.  Poi.its  corresponding  to  lower  values  of  K  (greater 
densification)  must  begin  to  fall  be'ow  the  line  since  they  must  tend  towarcf^ the  graph 
origin.  The  limits  of  linearity  have  not  h  ;en  Investigated. 

Laboratory  work*  has  shown  that  the  value  of  parameter  a  depends  mainly  on  grain 
size.  Figure  12  is  a  leg-log  plot  of  a  versus  grain  size  (^'calculated  f.rom  screened 
fractions  as  defined  under  the  previous  heading  "Texture." 

The  relation  is  approximately: 
a  =  16.  8d  •  “ 
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and  we  can  now  write 

„  ^  16.  8d‘-“nN 


or  if  K  a.  n^oi  3nd  ^  have  been  determined,  the  mean  grain  size  can  be  estimated: 
d  »  [  Kp  (N-ns) 

“  [76.  8Nno  J 


The  parameter  N  is  interpreted  as  representing  a  virtual  porosity,  perhaps  the  porosity 
of  the  loosest  possible  packing  for  a  given  snow  texture.  For  most  snows  at  any  stage  of 
metamorphism,  the  value  N/nj  is  close  to  1. 06  3,  which  means  that  there  is  a  "normal" 
density,  i.  e.,  a  "normal"  structure,  corresponding  to  a  given  texture.  Wind-packed 
snow  shows  abnormally  high  values  of  N/n^  (up  to  1.2);  in  a  sense,  its  density  is  too 
high;  structure  and  texture  are  out  of  balance.  Given  enough  time,  metamorphism  in 
such  snows  re-establishes  the  normal  ratio  N/ng. 


In  sampling  very  soft  new  snow,  a  gap  between  the  sample  and  the  tube  often  develops, 
preventing  measurement  of  This  value  can  then  be  calculated  by  determining  a  and 

N  as  described  above,  because  the  first  compression  closes  the  gap. 


K 


anflN 
*  N-no 


If  only  K  0  and  n^  have  been  determined,  the  probable  mean 
by  using  N/ng  =  I.  063 


grain  size  can  be  estimated 


d 


(.  Kg—)* 

V283no  J 


mm* 


Figure  13  shows  the  field  of  snow  in  the  graph  of  permeabilit-  versus  porosity,  assembled 
from  data  from  references  2  and  4.  All  snows  fall  within  ‘  Ucated  area.  The  grain- 

size  lines  .ft:  -iod  on  the  above  equation  for  d  and  are  no  .  than  guidelines.  The 

graph  shows  the  great  value  of  permeability  as  an  index  property. 


F.  CLASSIFICATION 

Almost  every  worker  in  snow  c'assifies  different  types  in  some  manner,  yet  no  ’ 
proposed  classification  scheme  has  been  generally  adopted.  The  "International  Classifi¬ 
cation  of  .Scow  (With  Special  Reference  to  Snow  on  the  Ground),  ”  issued  by  the  Commission 
on  Snow  and  Ice  of  the  International  Association  of  Hydrology  **  is  very  useful  and  slowly 
gaining  favor.  But  it  is  not  sufficiently  quantitative  for  advanced  scienlitic  and  engineer¬ 
ing  purposes.  A  great  deal  of  new  work  on  standardization  of  testing  techniques,  and  on 
correlation  cf  numerical  values  of  different  properties  will  have  to  be  done  before  a 
greatly  improved  classification  can  be  proposed.  Summarization  of  the  content  of  the 
"International  Classification"  would  not  be  useful;  the  complete  text  is  therefore  of^ared 
in  an  appendix,  with  the  kind  permission  of  the  Commission  on  Snow  and  Ice  of  the  Inter¬ 
national  Association  of  Hydrology  and  of  the  Associate  Commission  on  Soil  and  Snow 
Mechanics,  National  Research  Council,  Canada. 

Classification  of  the  forms  of  falling  snow  has  been  done  in  very  great  detail,**  based 
on  the  great  variety  of  habits  (shapes)  of  the  atmospheric  ice  crystals. 


THE  XHTERKATIONAt.  CLASSnCATlON  FOR  SNOW 
(With  Special  Rafareaca  to  Snow  oa  tha  Grouad) 


laaaad  bp 


Tha  Cenunlasioa  ea  Saow  aad  lea 


lataraatioud  Aaaoclatloo  of  Hydrology 


ff 


Pobllahed  aa  Tachaical  Ifamoraadam  No.  31  by  tha 
Aaaoclata  Coaunlttaa  oa  Soil  aad  Saow  Mechaalca. 
Natloaal  Raaaarcb  Coaacil,  Ottawa,  Caaada. 

Aoguat,  1954 


(i) 


rouwoRO 


la  r«c«at  yaara  tha  oead  for  a  aUadatd  ayatam  of  cUiaai* 
fyiaf  coUd  praet^tatioa  aad  foUaa  aaow  haa  bacome  prcaaiag. 
Maehaaiaad  traaaport  ovar  va^i  aaowrlddaa  arcaa.  tha  aaafalacaa 
of  aeearata  aaow  aitrvaya  ia  tha  OMuataia  aad  oplaad  ragioaa  oftho 
world,  aad  tha  iataaalfiad  aclaatiflc  aiady  of  lyiag  aaow  •  all  thaao 
foetora  aiado  it  impalUag  to  daviaa  aooM  raliabla  aad  aimpU 
mathod  of  raportlag  aad  racordlng  aaow. 

Tha  aaad  of  tha  lateraatioaal  Saew  ClaaailicaUoa,  which  had 
loag  baaa  garmiaatiag,  took  firm  root  duriag  tha  maatiaga  of  tha 
than  lataraotiooal  Commiaaioa  oa  Saow  aad  Claciara  ta  Oalo  in 
l9dB.  Ob  that  oecaaioa  thrca  aaparata  papara  oa  aaow  data  nrera 
read  and  it  bacama  claar  that  a  maatai  ayatam  oiuat  ba  daviaad. 
Accordingly,  a  committac  waa  act  np  by  tha  Coouniaaioa  conalatiag 
of  Or,  V.  J.  Sehaafor,  Mr.  C.  J.  Klaia,  aad  Or.  M.  R.  da  Quervaia 
with  inatractiona  to  produce  a  ayatam  that  would  be  gaaarally  'ad 
iatamatioaally  acceptable. 

With  immaaaa  labour  aad  application,  and  after  conaulta- 
tioaa  with  corporate  bodiaa  and  private  ladlviduala,  r  '  <ttive 
achama  waa  prodnead.  Thia  waa  placed  before  tha  Ci.  ‘ion 

at  tiru^a  la  ia  t9Sl.  After  aonta  flaal  aanaadaMata,  autb.  ,  ante 
given  for  tta  pubUca;l.m.  The  Claaaification  ia  now  being  cob- 
aiderad  by  tha  World  Mataorological  Orgoalaation  through  ita 
Tachnicai  Commiaaioa  oa  Aerology  (C.Aa)  and  it  ia  hoped  that 
it  will  reraive  alao  the  approval  of  thia  body.  Thia  paiblicatloa 
haa  bean  greatly  facilitated  by  the  National  Raacarch  Council  of 
Canada  through  the  good  ofiieea  of  Mr.  R.  F.  Lagget,  Chairanaa  of 
ita  Aaaociata  Committee  on  Soil  aad  Saow  Meehaaica. 

Oa  behalf  of  the  Commiaaioa  on  Saew  and  Ice  1  gratefoUy 
ackaowladga  foe  debt  we  all  owe  to  the  authora  of  thia  work. 


November  U,  1992 
Loadoa,  Eaglead 


OerrJd  Saligmaa, 

Preaidaat, 

Commiaaioa  oa  Saow  and  tea 
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INTRODUCTION 


The  cUeeiflcation  presented  herein  hea  been  developed  by 
the  Committee  on  Snow  Claseification  in  ftc  hope  that  it  may 
become  the  generally  accepted  international  ayatem  for  classtfyinfi 
anow. 

The  Committee,  which  waa  formed  at  the  Oalo  Conference 
of  the  International  Union  of  Geodeay  and  Ceophyaica,  regarded  thr 
queationof  an  international  nomenclature  for  anow  aa  being  outside 
ita  province.  For  thia  reaaon  aymbola  were  uaed  to  deaignatc  the 
varioua  claaaea  and  baaic  features  of  anow,  making  the  cla.ssifi- 
cation  independent  of  language  and  therefore  more  convenient  for 
international  uae.  Although  the  aymbola  may  alao  be  used  for 
teletype  meaaagea,  it  ahould  be  emphaaiaed  that  the  latter  use  waa 
not  the  primary  reaaon  for  adopting  the  aymbola. 

The  claaaification  ia  aimilartoaeveralmoreor  It  .  a  parallel 
ayatema  which  have  been  developed  in  different  countriea  and  have 
been  in  uae  during  the  paat  one  or  two  decadea.  The  beat  features 
of  theae  ayatema  have  been  combined  and  modilied  form  a  co> 
herent  and  reaacnably  ainiple  claaaification.  V  Sought  and 

c.iort  1  ive  been  put  into  ita  general  arrangement  jctaila,  and 

many  groups  and  individuals  directly  concerned  with  snow  research 
have  been  consulted  with  a  view  to  making  the  claaaification  aa 
suitntle  and  generally  acceptable  as  possible.  If  the  claaaification 
is  as  wcl’.  received  as  It  waa  in  ita  tentative  draft  form,  there  is 
little  doubt  that  it  will  be  adopted  by  nnany  groups  engaged  in  the 
study  of  anow  and  ita  related  problems. 

An  important  feature  of  the  claaaification  is  that  it  has 
been  act  up  as  the  baaic  framework  which  may  be  expanded  or 
contracted  to  suit  the  needs  of  any  particular  group  ranging  from 
scientists  to  skiers.  It  has  alao  been  arranged  so  that  many  of 
the  observations  may  be  made  cither  with  the  aid  of  simple  instru¬ 
ments  or,  alternatively,  by  visual  methods.  Since  the  two  metiioda 
are  basically  parallel,  measurements  and  virual  observations  may 
be  combined  in  various  ways  to  obtain  the  degree  of  precision 
required  in  any  particular  class  of  work. 

Section  1,  on  solid  precipitation,  is  not  intended  to  replace 
that  part  of  the  International  Meteorological  Code  which  deals  with 
snow,  hail,  etc.,  and  care  was  taken  to  avoid  any  conflict  between 
the  two  systems.  Section  1  is  oaaed  on  the  form  of  the  crystal 
particle  and  regards  form  and  sise  of  a  particle  aa  two  separate 
features. 


Section  U(  dealing  with  deposited  enow,  ie  baeed  on  the 
fundamental  featurea  which  determine  the  physicat  ciui.-acteristica 
of  a  ma*a  of  anew  and  diatinguiah  one  type  from  another. 

Sectiona  1  and  11  may  be  regarded  aa  the  htndamental  pari 
of  the  claaaification. 

Section  III  deala  with  meaaurementa  whidt  are  frequently 
required  in  deacribing  a  tnov  cover,  while  SectianlV  providea  a 
meana  for  deacribing  certain  featurea  of  the  anew  aurface  which 
may  be  aignificant  in  aome  problema. 

Subaection  1  of  Section  IV,  dealing  with  aurface  depoaita 
auch  aa  aurface  hoar,  haa  been  included  becauac  of  its  relation 
to  anow  lying  on  the  ground.  The  ice  depoaita  wUch  form  on  the 
winga  of  aircraft  are  of  a  aimilar  kind,  and  apccialiata  in  thia 
field  are  uaing  a  more  detailed  claaaification  than  the  claaaifi* 
cation  for  aurface  depoaita  preaented  here.  It  may  be  regarded 
aa  an  example  of  an  expanaion  of  a  aection  of  the  preaent  r'aaaifi- 
eation. 


An  attempt  haa  been  made  to  deacribe  clearly  '■'ch  claaa 
or  feature  of  anow  in  the  body  of  the  claaaiflcatiea.  'laaalfi- 

c.'<tinrt  haa  ^lio  been  preaented  in  anabatract  fonawhl  mitabla 

for  conven.ent  reference  in  the  field. 

A  lumber  of  examplea  explaining  the  nac  of  the  aymbola 
are  given  in  the  text,  while  cite  uae  of  the  grapUe  aymbola  ia 
illuatrated  ia  Appendix  U. 

Thoae  intereated  in  tbeEngliah  terminology  commonly  need 
indeaeribing  anow  ahould  refer  to  "Snow  Structure  and  Ski  Tlclda" 
by  G.  Sellgman,  MacMillan  and  Co.,  Limited.  Londaa,  193S.  If  a 
nomenclature  for  anow  were  included  aa  aa  appendix  to  thia  claaai* 
fication,  it  would  cloaely  follow  tae  nomenclature  givnaby  Scligmaa. 


/ 
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soua  PRSaPITATlON 


Th«  term  "(oUd  preclpiUtioa"  refers  to  tbs  various  kinds  of  solid  Mtsr  particles 
which  develop  ia  the  atmospters  and  fall  earthwards,  tor  example,  snow  crystals,  ice 
psUsts.  When  a  sharp  distinction  is  drawn  between  lalliny  and  deposited  particles,  the 
term  applies  to  preclpiUUoa  while  it  remains  sirborce;  but  ia  the  ctassificatioB  pre¬ 
sented  here,  ''solid  precipitation"  is  takaa  to  also  laclods  freshly  dapoeitod  particles 
which  have  not  aadargoae  any  perceptible  traasformatioa  subsequent  to  beiaf  ^posited 
upon  the  earth. 


When  diffaraat  ctoseas  of  solid  precipitatioa  occur  together,  the  relative  aunnber 
of  each  type  may  be  giveaas  the  aumber  of  tenths,  or  hundredths,  EFlDdeZriOl.S 

designates  SO  percent  stellar  crystals  of  4  mm.  average  diameter  mixed  with  20  percent 
graupel  of  1.9  mm.  average  diameter. 


The  International  Meteorological  Code  may  be  used  to  indicate  the  iatcaslty  and 
duration  of  the  precipitation  as  well  as  other  weather  data  when  this  information  is 
required. 

The  nMthod  of  claseifying  solid  precipitatioa  ia  outlined  in  subsectioas  1  and  2. 


I.  Type  of  Pnrtl..le 

Graphic  symbol  for  snow  in  general,  i.e.  FI  to  F7 

TABU  I 

CLASSES  or  SOUS  PRECIPITATION 


General  symbol  F 
* 


Oascriptioa 

Symbol 

Graphic 

Synibel 

PUtc 

A  plate  is  a  thin,  plate-like  snow  crystal  the  form  of  which 
more  or  less  resenabtes  a  hexagon  or,  ia  rare  cases,  a 
trianglr .  Cenerally  all  edges  or  altaraative  edges  of  the 
plate  are  similar  ia  pattern  and  length. 

1 

o 

Sutler  Crystal 

A  stellar  crystal  is  a  thin,  flat  snow  crystal  ia  the  form  of 
a  conventionalised  star.  It  generally  has  sin  arms  but 
stellar  crystals  with  three  or  twelve  arms  occur  occa¬ 
sionally.  The  arms  may  lie  ia  a  single  plane  or  la  eloaely 
spaced  parallel  planes  in  which  case  the  arms  are  inter- 
coaaecud  by  a  very  short  column. 

2 

-K- 

Column 

A  column  it  a  relatively  short  prismatic  crystal,  aitker 
solid  or  hollow,  with  ^ae,  pyramidal,  truncated  or  hollow 
ends.  Pyramids,  which  may  be  regarded  as  a  particular 
cate,  and  combiaatlons  of  columns  are  included  In  this  emss. 

S 
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ModUylat  fcabir*a  of  clooooo  tl  to  TO  moy  bo  lochtdo^  by  oMtof  ooo  or  moro  of 
Ibo  (oUovlaf  oobicrtpU. 


TABtX  U 


MOOirYtNO  rEATUftSS 


2.  8i«o  of  PorMclo  OoMtol  OyMbol  O 

Tho  (iso  of  a  crystal  or  yorticio  is  Its  •roatost  osteooioo  Bioaooro^  to  adlU* 
motors.  Whoa  many  portlclos  oro  lorolrsO.  s.g.,  s  comyooaO  saow  flobo,  U  rofors  to 
too  avcrsfo  stao  of  tbs  iadtvIOiial  portictos. 

Eaamplo:  fifOZ.  S  or  »  —  f  Ol.  i  4osi|aatos  a  clastai 

Bosdlss,  tbs  avsrago  also  of  Ibo  osodlss  bsiai  2.  $  nun. 


clsatora  comyoaod  of 


SECTION  II 


DEPOSITED  SNOW 

A  (now  cover  is  generally  composed  of  layers  of  different  types  of  snow  each  of 
which  is  more  or  less  homogeneous  within  its  own  boundaries.  Section  M  deals  with  the 
classiiicaiion  of  the  type  ol  snuw  in  any  one  layer. 

A  mass  of  snow  is  very  porous  .tne'  it  may  or  may  not  contain  some  water  in  the 
liquid  state  which  is  usually  referred  to  ns  “free  water".  In  the  gcaeni  case,  therefore, 
snow  may  be  regarded  as  a  mixture  ef  i.e,  air,  and  water,  the  Ice  being  in  the  form  of 
crystals  or  grains  which  arc  usually  inturknit  or  welded  together  Is  form  a  structure 
which  possesses  some  degree  of  airength.  Tho  physical  characteristics  of  a  mass  of 
snow,  like  those  of  many  uthcr  materials  depend  upon  the  relative  proportions  of  its 
constituents,  its  atructurt,  and  its  temperature.  Taking  physical  characteristics  as  the 
criterion,  the  primary  features  which  classify  a  type  of  deposited  enow  are  those  given 
ir.  Table  111. 


TABLE  111 

PRIMARY  FEATURES  OF  DEPOSITED  SNOW 


FeaCyre 

Units 

Symbol 

.Sp«cilic  gravity*  or 

non-dimensional 

Density 

g/cm*,  or  kg/m*. 

C 

Free  %vater  rontent 

%  by  weight,  or 

w 

see  Table  IV 

Imp'i'itles 

%  by  weight 

J 

Crain  shape 

see  Table  V 

r 

Crain  sice 

millimetere 

D 

¥ 

Strength  represented  by; 

a 

¥ 

Compressive  yield  strength. 

g/cm*. 

KP 

k 

Tensile  strength 

g/cm*. 

Kn 

Shear  strength  at  aero 

g/em*. 

Ks 

normal  stress,  or 

Hardness 

according  to  Instrument 

R 

Snow  temperature 

degress  Centigrade 

T 

The  above  features  are  discussed  in  some  detail  In  the  following  subsections. 


L  . . g;'l^'^i'Wm'in|p^^lHlj»i,  II  ' 
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I.  Spcetfle  Gravity 


23 

Oanaral  aymbol  C 


Sptcific  gravity  it  the  ratio  of  tha  weight  of  any  velumt  of  a  aobatance  to  the  weight 
of  an  equal  volume  of  water  and  ia  therefore  non<dimeaaioaal.  Oenaity  may  be  uaed  aa 
an  alternative.  It  should,  however,  be  eapreaeed  either  la  grama  par  cubic  centimeter  or 
ia  kilograme  per  cubic  meter;  the  former  having  tha  aame  >.nmarieal  valua  aa  apecifir 
gravity  while  tha  latter  avoids  tha  ineoavaDieaes  ol  ilw  decimal  polat.  For  eaample:  a 
apecific  gravity  of  0. 235  ia  equivalent  to  a  density  of  n.  235  grama  per  cubic  centinMter 
or  235  kilograme  per  cubic  meter.  Using  symbols,  this  may  be  given  as  G  0. 235  or  C  235 
provided  the  dimensions  uaed  are  clearly  in^catad  or  uadarstood. 


2.  Free  Water  Content 


Ocaaral  symbol  W 


I 

t 

I 

r 


There  are  several  nnkihods  of  measuring  tha  tree  water  coateat  of  snow  but,  since 
fairly  elaborate  apparatus  is  urually  required  ia  order  to  obtain  reasonable  accuracy. 
Ibase  methods  are  generally  used  only  In  a  laboratory.  UaasaraaMats  of  free  water 
coateat  are  eapreeeed  at  a  percentage  by  weight. 

In  field  tests,  reliance  usually  has  to  be  placed  upon  simple  observatleas.  Table  IV 
Is  given  as  the  oasis  of  observations  of  this  kind  and,  although  this  method  waa  primarily 
intended  for  use  in  the  field,  it  is  alto  of  considerable  value  ia  the  laboratory. 

TABLE  IV 

FEES  WATEE  CONTENT 


Term 

Eemarks 

Bymhel 

Graphic 

Symbol 

Ory 

Ueeally  T  ia  below  0*C,  but  dry  snow  can  occur 
fmperature  up  to  and  including  0*C.  When  Its 
lure  is  broken  down  by  crushing  and  the  looae  g'.uias 
are  lightly  pressed  together  as  In  making  a  snow  ball, 
he  grains  have  little  tendency  to  cling  to  each  ether. 

m 

□ 

T  >  0*C,  The  water  Is  net  visible  even  with  the  aid  of 
a  magnifying  glass.  When  lightly  crushed,  the  snow 
has  a  distiact  tendency  to  stick  together. 

b 

m 

Wet 

T  ■  0*C.  Thv  water  can  be  recogniaed  by  Its  nMnlscua 
between  ad)aceat  snow  grains,  but  water  cannot  bo 
pressed  out  by  moderately  squeesing  the  snow  la  tho 
hands. 

c 

m 

Very 

Wet 

T  «  0*C.  The  water  can  be  pressed  eut  by  moderately 
squeesing  the  snow  ia  the  hands  but  there  still  Is  aa 
appreciable  amount  of  air  confined  within  the  snow 
structure. 

d 

□□ 

ilush 

T  ■  0*C.  Snow  flooded  with  water  and  coataiaiag  a 
relatively  snnall  anaeuat  of  air. 

• 

QEl 

i.  Impuritlo  General  ajrmbol  J 

Thia  lubaection  iiaa  been  incliMied  in  the  ciaiaificalion  in  order  to  cover  those 
cases  in  which  the  kind  and  amount  of  an  impurity  have  an  inlluence  upon  the  physical 
characteristics  of  the  snow.  In  these  cases  the  kind  of  impurity  shouldbe  fully  described 
and  its  amount  given  as  a  percentage  by  weight.  Common  impurities  are:  dust,  sand, 
organic  I..  terial,  salt,  etc. 

Graphic  symbol 

4.  Grain  Shape  General  symbol  F 

In  the  classification,  numcrica!  symbols  (FI.  F2,  etc.)  have  been  used  for  solid 
precipi'ation  whiU  alphabetical  symbols  (Fa,  Fb.  etc.)  have  been  used  far  deposited  snow. 
However,  whenever  a  distinction  between  the  various  types  of  freshly  duporited  snow  is 
required,  the  classification  given  in  Table  1  may  be  used  and,  when  necessary,  the  relative 
proportions  of  the  various  types  may  be  expressed  as  the  number  of  tenths  as  explained 
in  Section  I. 

TABLE  V 
CRAIN  SHAPE 


Description 


Symbol 


Graphic 

Symbol 


Class  "a"  refers  to  freshly  deposited  snow  composed  of 
crystals,  or  parts  of  broken  crystals,  of  types  FI  to  FT 
(Table  U.  Sr.^-v  «hi  -h  has  lost  its  crystalline  character 
while  falling  to  ear  .i,  .md  graupel,ice  pellets,  and  hall  do 
not  beloni!  to  this  class.  Class  "a"  snow  is  generally 
very  sofi. 


Thisclass  refersto  snowduringits  initial  stage  of  settling 
It  has  not  reached  the  very  line  graiiwsise  condition  which 
is  generally  regarded  as  the  conclusion  of  the  initial  stage 
of  transformation.  Although  it  has  lost  a  great  deal  of  its 
crystalline  character,  some  crystalline  features  can  be 
observed.  Claes  "b"  snow  is  usually  fairly  soft. 


When  snow  Is  transformed  by  melting,  or  melting  followed 
by  freeaing,  it  completely  loses  all  crystalline  features 
and  Its  grains  become  irregular  and  more  or  less  rounded 
inform.  This  is  Class  "c"  snow.  It  has  no  sparkle  effect 
even  in  bright  sunlight  and  can  be  readily  recognised  by 
Its  dull  appearance.  It  is  usually  fairly  soft  when  wet,  but 
can  be  very  hard  when  frosen.  Class  “c"  snow  may  have 
any  else  of  grains  from  very  line  to  very  coarse. _ 


EE] 


Oeacription 

Symbol 

Graphic 

Symbol 

Class  "d" 

d 

At  temperatures  well  below  freeaing  and  witftoui  any 
apparent  melting,  snow  is  transformed  into  Class  "d"  by 
the  process  of  sublimation  which  produces  irregular  grains 
with  flat  facets.  There  facets  give  the  snow  a  distinct 
sparkle  effect  in  bright  sunlight.  In  the  Arrtica  where 
temperatures  are  tow  and  persistent  winds  accelerate  the 
suulimation,  practically  all  of  the  settled  snow  is  Class 
**d"  and  has  almost  as  much  sparkle  as  a  deposit  of  Tl 
crystals.  Class  ‘'d"  sno;v  is  usually  fairly  hard. 

ODD 

Depth  Hoar 

• 

Depth  hoar  is  characterised  by  its  hollow  c‘jp-shaped 
crystals.  These  crystals  are  produced  by  a  very  low  rate 
of  sublimation  duringa  long  uninterrupted  cold  period  and 
are  most  frequently  found  directly  below  a  more  or  less 
impermeable  ci'u?t  in  the  lower  part  of  the  snow  cover. 
The  strength  of  a  layer  of  depth  hoar  is  very  low. 

> 

> 

> 

i.  Cram  Site  General  tymbol  O 

The  lir^in  iizc  o(  a  more  or  learn  homogeneoua  n.taa  of  lowia  the  average  aise  of 
ita  grama,  faxing  the  aize  of  an  individual  grain  aa  ita  gr  eatenaion.  A  aimple 

r.‘,  II.  !  ii'f  SI«  .'or  field  meaaurcmenta  ia  to  place  a  fair  aa  of  the  graina  on  a  plate 
'xh'''.'ii  haa  bxer.  rulrd  in  millimetera.  The  average  or  typical  aize  ia  then  eatimated  by 
Cl  :iiparing  :i.c  aize  of  the  graina  with  the  apaeing  of  the  linea  o.r  the  plate. 

Til'.'  grain  aize  of  depuaited  anow  ia  expreaaed  ia  millimetera  or>  alternatlvelyt 
by  the  uac  of  '.he  terma  or  aymsola  preaented  in  Table  VI. 

TABLE  VI 

CRAIN  SIZE  or  OEPOSITEO  SNOW 


Term 

Symbol 

Grain  Siae  Range 

Very  fine 

a 

laza  than  0.  S  mm. 

Fine 

b 

0.  S  to  1.0  mm. 

.Medium 

c 

1.0  to  2.  0  znm. 

Coarse 

d 

2.  0  to  4.0  mm. 

Very  coarse 

• 

greater  than  4. 0  mm. 

0«Mral  aymbol  K 


6.  Stranath  of  Structure 

The  yield  ttrengtha  la  eompreaelon.  teaeioa.  aad  ehcar  of  aneay  materials  are 
geaerally  iater-related  by  simple  ratios,  suck  as  2:1:1  wUeh  applies  to  ductile 
materials,  la  this  ease,  the  three  yield  streagths  are  kaotni  whea  aay  oae  of  them  is 
glvea.  Invastlgatioiu,  still  ia  progress,  ladlcate  that  a  rslatloa  of  this  Mad  exists 
betweea  t*'e  yield  streagths  of  aaow.  It  is  therefore  proposed  that  tlu*  streagth  of 
deposited  enow  be  described  by  aay  oae  of  the  foUowiag: 

(a)  Compressive  yield  streagth,  l.o..  the  stress  uader  a 
compressive  load  at  which  iaitlal  collapse  of  the  saow 
stroetore  occars,  g/cm^. 

(b)  Teaslle  streagth,  g/cm^. 

(c)  Shear  streagth  at  aero  ao-mal  stress,  g/cm*. 

(d)  Hardness,  la  which  case  the  correlatioa  betweea  the 
readiags  of  the  particular  bardiMss  iastruaMat  aad 
(a),  (b),  or  (e)  above  should  be  given. 

Since  the  technique  and  Instruments  required  for  BBsasuring  (a)  aad  (d)  are  con* 
siderably  lass  complex  than  those  required  for  measuring  (b)snd  (c),  compressive  yield 
strength  aad  hardness  measurements  eaa  be  expected  to  be  used  more  frequently  than 
measnreaMBta  of  tensile  aad  shear  strength. 

TABUC  VU 


STRXNGTH  OF  DSPOSITED  SNOW 


Term 

Range  of  Kp.  g/cm^ 

Symbol 

Graphic  Sy'hol 

Very  lo* 

0-10 

a 

1 - 

Low 

10  •  100 

b 

TT777\ 

Medium 

100  •  1000 

c 

CZZK3 

High 

lOOC  •  10,000 

d 

\'W 

Very  high 

Greater  than  10,000 

• 

i!K 

lea 

1 

wma 

7.  Snow  Tcm^jrature  Oeaeral  symbol  T 

The  temperature  of  saow  should  be  given  la  degrees  Ceatlgrada.  Sontetimes  it 
Is  desirable  to  record  ether  related  temperatures;  the  suggested  symbols  for  the  anore 


are  iacludod  below: 

Saow  temporatara 

T  degrees  Centigrade 

Air  tatnparalura 

Ta  "  " 

Temperature  of  saow  surface 

Ts  "  '• 

Ground  temperature 

Tg  "  " 
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SECTION  m 

SNOW  COVER  MEASUREMENTS 

A  cross-tectioa  o(  a  snow  cover  may  be  described  by  classifying  the  snow  in  each 
layer,  as  outlined  in  Section  U,  and  by  giving  the  location  of  the  boundaries  of  the  layers 
by  means  of  mcas'iremcn's.  The  location  of  a  layer  boua^ry  is  generally  established  by 
Its  vertical  co*ordir.atc  measured  from  the  surface  of  the  ground  but,  in  certain  eases, 
where  only  the  upper  part  of  the  snow  cover  is  of  interest  or  where  it  is  difficult  to 
use  the  ground  as  the  reference,  the  snow  surface  may  be  taken  as  the  roferencs. 

The  symbols  H,  HS  and  HN  should  be  used  for  all  vertical  measurements  regard¬ 
less  of  whether  they  arc  taken  at  a  place  where  the  snow  surfkcc  is  horiaontal  or  inclined. 
Vertical  measurements  arc  preferred  even  when  the  snow  lies  on  a  slope.  If,  however, 
the  measurements  arc  taken  along  a  line  perpendicular  to  an  inclined  snow  surfhee,  this 
fact  should  be  indicated  by  using  the  corresponding  symbols  M,  MS  and  MN. 

TABLE  VTU 

SNOW  COVER  MEASUREMENTS 


Term 

Oimenaion 

Symbol 

Vertical  co-ordinate  (measured  from  the  ground) 

Cir 

H 

Total  depth  ot  anew  cover 

cm 

HS 

Depth  of  daily  new  aaowfaU 

A 

HN 

Measure  .moU  correepooding  to  those  above  but 
taken  perpendicularly  to  an  Incline-.^  enow 
aur/ace 

cm 

M,  MS, 
and  MN 

Inclination  of  snow  surface 

angle  in 
degrees 

N 

Water  equivalent  of  the  snow  cover 

mm 

HW 

Ratio  of  snow  covered  area  to  total  area 

tenths 

Q 

Age  of  snow  deposit 

indicate 
whether 
hours,  days, 
or  years 

A 

SCCTION  IV 


SNOW  SURFACE  CONDITIONS 

Surfocc  dcposiUi  aach  aa  auriaca  hoar,  aad  othar  fcataraa  of  the  anow  aurface 
may  be  deacribcd  aa  indicated  in  tha  foUondag  aubaactioaa. 

I.  Surface  Pepoaita  General  ajrmbol  V 

Theae  dcpoaita  are  rapreaentad  by  the  aymbola  VI,  V2,  etc.,  to  avoid  confuaion 
with  the  aymbola  FI,  F2,  etc.,  for  aolid  praclpitatton. 

TABLE  tX 

SURFACE  DEPOSITS 


Term  and  Ocacrlption 

Syanbol 

Graphic 

Symbol 

Surface  Hoar 

1 

Surface  hoar  ia  a  dcpoalt  of  plane,  prlamntlc,  or  deadriUc 
cryatala  formed  by  aublimatlon  of  water  vapour  onto  any 
flaad  object  tha  temperature  ofwhtch  lahaloar  0*C.  Plana 
cryatala  of  aurfaca  hoar  ran  be  dietlagulahed  from  plataa 
(FI)  by  their  lach  of  aymmatry. 

Sole  Almo 

2 

V 

Soft  rlma  ia  a  light,  brittle  feathery  dapoait  iataraMdiata 
hatwaaa  aurface  hoar  and  hard  rloM  (aae  daflaltioo  below) 
and  appea'a  fo  he  a  combiaatioa  of  the  alanMota  of  both 
hear  and  rime. 

Hard  Rime 

1 

V 

Hard  riane  ia  a  f  rone  a  dapoait  of  amall,  auparcoolad  fog 
droplata  anany  aalidoh>aet.  Tha  draplata  fraaaa  lmma> 
dialaly  upon  contact 'with  the  abiact  which  glvaa  riane  Ita 
vary  Sm  pebbly  laatara. 

Ola  nod  Fraal  or  Olaaa 

d 

CO 

Gtaaad  fmat  ia  a  amaath,  thin,  icacoaliag  farmed  on  any 
■  aelld  abjact  by  raiadropa  which  have  run  together  bafara 
fraaaiaf,  or  by  thawing  fOUowad  by  fraaalag. 

t.  Sarlhca  Raaahaaaa  Oaaaral  aymbol  S 

Thia  auhaactlaa  doaa  aat  refer  to  roaphaaa  a  daa  to  tha  fraaular  aatvra  ofaaeuvbut 
la  the  roughaaaa  af  a  aaevr  aarfaca  caaaad  by  tha  affecta  of  wlad,raia,oae4aal  evaporation 
or  aaataal  maltlnc.  Tha  avarapa  depth  of  tha  Irragalarltiaa,  meaaarad  la  cm.,  may  be 
comMoad  arith  the  aymhol,  for  aaaavta:  Sc  IS  or 
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3.  P«a«tr«MlHy  of  8nrt»e«  Layr«  Oaaaral  ■jnnbol  P 

Occaaieoallv,  aa  approslmala  iadlcatioa  is  rsi{airsdof  tfcs  ability  «f  aaaowcovtr 
to  satistoetorily  support  a  tsrtaia  load.  Tbs  dspth  of  psastratioa  of  soma  suitabls  objseti 
saeb  as  a  ski  or  a  mao's  foot,  may  bo  saiployod  for  tUs  purposs.  Tba  (bU4a«iag  symbols 

aro  sttggssUd: 

Osptb  of  ski  track  (sUor  supported  oa  oaa  sU)  PS 

Ospth  of  tootpriat  (maa  staadiog  ea  oao  foot)  PP 

Tko  depth  of  pcaatratiea  should  be  oiaasarad  ia  eea'  rs  or  naay  be  eapressed 

by  symbols. 


TABLE  XI 

DEPTH  or  PENETKATION 


Term 

Depth  Eaage.  cm. 

Syaabol  j 

Very  small 

lass  thaa  0.  S 

SomU 

•.»  to  2 

b 

Medium 

8  to  10 

c 

Deep 

10  to  10 

d 

Vary  deep 

greater  thaa  10 

• 

7 
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ABSTRACT  OF  THE  CLASSIFICATION  FOR  SNOW 

t  SOUO  PRECIPITATION 


^LATE 

STELLAR  CRYSTAL 

COLUHR 

NEEDLE 

SPATIAL  DENDRITE 

CAPPED  COLUMN 

IRRESULAR  CRYSTAL 

SRAUPEL 

ICE  PELLET 

NAIL 


ilMlSL 

PI 


S  PS 


•PAPHIC 

tYNiffiL 


>Ov 

A 


HOOlPYINO 

PEATURE 

SYMSOL 

SUISCRIPT 


■  RONEN  RIME  COATED 

CRYSTALS  CRYSTALS 


CLUSTERS  WET 

f  «« 


MEASURED  IN  MILLIMETERS. 
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APPCNOIX  1 


UST  or  SYMBOLS,  coaUmi«! 


PP  Depth  ot  footprtat  1 

I  Seeties  IV  - 1 

PS  Depth  ol  ■hi  ir^ck  J 

p  rretment  of  •  enow  cryeUl;  eee  Thble  U 

O  Ratio  ol  •oow-covered  area  to  total  area 

R  Sao«  hardaesa,  related  to  a  parttcular  iaatnunaat 

r  Rime -coated  parttcle;  aee  Table  II 

S  Ceoeral  aymbol  for  aaow  aurfaee 

Sa  to  Se  Snow  inrface  roufhoeaa;  aee  Table  X 

T  Saow  temperatare 

Ta  Atr  temperatare 

Tg  Crooad  temperatare 

Ta  Temperature  of  the  aaow  aarfhee 

V  Surface  depoaita,  aaeh  aa  aarfhee  boar;  aee  SacHe  V 

Vi  i  ree  water  coateat  of  aaow 

w  Partly  aaelted  parUctea;  aee  Table  U 


Derteed  from: 

Partager,  Part 
Qaotteat 

Realataace,  Rlgldite 

Rime 

jMrfaee 

Temperatare 


•  I 

Watar,  Waaaer 


uitf 11  [WBUjuniwm'  '“”'  ‘ 
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APPENDIX  U 


A  vcrtiial  acclion  of  a  anow  caver  may  be  rcprcacntcd  graphically  aa 
illuatratcd  below.  The  appropriate  aymbola  for  a  particular  layer  are  combined 
by  aupcrpoaition,  while  anow  temperature  ia  plotted  aa  a  curve.  Grain  aise  and 
apecific  gravity  may  be  tabulaud  aa  ahown  in  the  catample  or  repreaented  by 
grapha. 
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C.  MECHANICS 
Notation 

E  >  Young's  Modulus 

y  *  Oonsity*  of  snow 

y^  a  Density  of  ics  (0.9179  g/cm*) 

s  a  Strain 

T  a  Activation  energy 

R  a  Gas  constant 

t  a  Time  or  Celsius  (formerly  centigrade)  temperature 
T  a  Kelvin  temperature 

*C  a  Degree  Celsiua 

e  a  Base  of  natural  logarithms  or  void  ratio 
O  a  Snow  grain  diameter 

r  a  Stress 

r  a  Shear  stress  or  retardation  time 

i|  a  Coefficient  of  dynamic  viscosity 

V  a  Poisson's  ratio 

*A11  densities  are  given  in  g/cm*  unlr  ■  ‘'herwise  stated. 

Introduction 

Snow  mechanic^  is  a  relatively  new  subject  of  scientific 'technical  research,  which 
began  to  receive  attention  as  an  offshoot  of  soil  mechanics  in  the  late  thirties,  in  rela* 
tion  to  avalanche  defense  construction  problems.  The  heavy  emphasis  on  analogy 
between  soil  and  snow  mechanics  has  perhaps  been  not  altogether  fortunate.  It  was 
initially  very  helpful,  but  snow  mechanics  may  now  in  some  respects  h..vo  to  go  its  own 
way.  It  la  presently  only  in  a  fair  state  of  development,  and  a  number  of  fundamental 
aspects,  primarily  creep  under  combined  stresses,  collapse  behavior,  and  flow  dynamics, 
are  not  yet  well  or  at  all  formulated.  The  difficulties  in  development  of  snow  mechanics, 
as  a  science  and  for  engineering  purposes,  stem  mainly  from  the  following  factore: 

a)  the  very  high  temperature  dependence  of  many  properties  of  snow, 

b)  the  thermodynamic  Instability  of  snow. 

c)  the  large  density  and  significant  grain  sise  ranges  of  snow,  and  the 
very  large  dependence  of  mechanical  property  parameters  on  density 
and  grain  siae. 

d)  the  freedom  of  movement  of  grains  in  the  snow  structure. 

e)  anlsotropism  and  sample  inhomogeneity. 

These  factors  will  now  be  discussed. 
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SNOW  AS  A  MATERIAI. 

a)  Tftnpe rature.  The  mechanics  of  wet  snow  (temperature  very  close  to  OC,  and 
varying  liquid  water  content)  has  not  yet  been  investigated  quantitatively.  Perhaps  only 
two  general  statements  can  be  made  here:  Ultimate  strength  decreases  drastically  when 
a  snow  becomes  wet,  and  viscosity  also  decreases. 

We  are  concerned  here  only  with  dry  snow  at  temperatures  lower  than  a  small  fraction 
(not  furt'^er  defined)  of  a  degree  below  the  freezing  point  of  ice  at  the  prevailing  pressure. 

Tcmpciature  has  a  muder->te  effect  on  elastic  moduli,  which  increase  with  decreasing 
temperature.  The  following  is  reported  on  young  snow.*^ 

Ej  =  Ej^  -  a  (t-t,) 
where  t  is  in  C. 


Modulus 

Density 

(g/cm*) 

Temperature 

range 

a 

E| 

0. 16-0.  19 

-1  to  -7C 

0.5 

E* 

0. 16-0.  19 

-1  to  -7C 

0.7 

E| 

0. 23-0. 25 

-1  to  -18C 

0.07 

E, 

0. 23-0.25 

-1  to  -i8C 

0.1 

E|  and  Ej  are  Young's  moduli  obtained  from  creep  testa  under  static  load,  and  are  ex* 
plained  later  under  creep  mechanics.  For  Young's  modulus  ^  determined  from  resonance 
frequency  of  oscillation  of  bars,  the  following  values  are  given.^>*^ 


Density 

Temp  ra*.se 

a 

0.29 

-1  to  -8C 

0.1 

C.33 

-1  to  -8C 

0.1 

0.54 

-1  to  -8C 

0.04 

0.  63 

-2  to  -9C 

0.07 

U.  76 

-2  to  -9C 

0.0b 

ftp* 

The  paramcli  r  a  =  decreases  at  lower  temperatures,*’  probably  exponentially,  and 
appears  to  be  almost  independent  of  density  (y)  for  yc  0. 25  g/cm*. 

The  effect  of  temperature  on  ultimate  strength  has  been  investigated  for  the  case  of 
tensile  strength,*  which  increases  with  decreasing  temperature.  The  derivative  of 
strength  with  respect  to  temperature  decreases,  since  strength  does  not  increase  indef* 
initely.  The  magnitude  of  this  temperature  effect  will  be  given  later. 

The  effect  of  temperature  on  creep  rate  (i)  of  snow  under  stress  is  most  important, 
and  adequately  given  by  eq  1,  except  very  close  to  the  melting  point. 


where  T  *  degrees  Kelvin  (absolute  temperature) 

Ta  a  reference  temperature,  at  which  has  been  measured. 
R  a  gas  constant  >  1.987  cal/mol-degree 
F  a  activation  energy  a  10,000  to  24,000  cal/mol 
kj  a  strain  rate  (creep  rate)  at  temperature  T, 
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The  activation  energy  teems  to  be  somewhat 
variable,  within  )he  range  10,000  to  24,000 
cal/mol,*’  **  W,*T  with  14,000  as  a  fair 
mean  for  purposes  of  comparing  creep  data 
obtained  at  different  temperatures.  The 
higher  values  .are  limited  to  some  new 
sn'iws.*'’ 

Figure  14  is  a  graph  with  Tg  =  263.  3 
(to  -  -IOC)  as  reference  temperature, 
using  the  above  equation  for  different 
activation  energies.  The  figure  shows 
the  enormous  effect  of  temperature  on 
the  creep  rate.  Taking  for  instance  a 
value  of  F  -  14,  000  ,  snow  under  a  given 
stress  will  creep  twice  as  fast  at  -IOC 
tlian  at  -16  )C,  and  200  times  faster 
at  -2C  than  at  -SOC.  The  lines  of 
Figure  14  would  very  likely  bend  sharply 
upwards  as  they  approach  the  ordinate  of 
melting  temperature. 

It  is  easy  to  see  that  analysis  of 
creep  even  in  a  homogeneous  snow  mass 
can  become  unmanageable  when  there 
are  temperature  gradients. 

b)  Thermodynamic  instability.  The 
snow  structure  is  tliermodynamically  in¬ 
herently  unstable,  which  leads  to  meta- 
morphism  by  reciystallization,  described 
in  detail  previously.  For  mechanical 
behavior,  ir>^por».int  consequence  is 
increase  in  dec  ity  and  grain  size  with 
time.  IJensity  will  remain  constant  or 
decrevse  slightly  only  when  there  is  a 
loss  oi  mass  o;  sobliination  or  when  ten¬ 
sile  stresses  doni.nate.  The  usual  con¬ 
dition  is  densification  under  combined 
stresses,  (he  normal  minimum  stress 
being  that  exerted  by  the  weight  of  the 
snow  mass  itself.  Grain  growth  is 
favored  by  applied  stress  because 
thermodynamic  instability  is  increased 
by  distortion  of  snow  structure  and  ice 
crystal  lattice,  but  it  is  inhibited  by 
reduction  of  porosity  and  permeability 
upon  densification. 


Figure  14.  Effect  of  temperature  on  creep 
rate  of  snow  for  different  values  of  acti¬ 
vation  energy  F  (cal/mol).  Density  and 
creefT stress  constant. 


c)  Density  and  grain  size.  The  creep  rate  Is  highly  dependent  on  density  (•y). 

Since,  in  most  cases,  snow  densifies  as  it  is  deformed,  the  rate  of  deformation  de¬ 
creases  with  time.  Figure  iS  shows  a  typical  compression  versus  time  curve,*  and 
Figure  16  shows  curves  relating  viscosity  to  density.*  Such  curves  are  well  described 
by  exponential  functions.*’**  The  rate  of  creep  k  (derivative  of  deformation  with 
respect  to  time)  is  proportional  to  an  exponential  of  the  density.**’  *'•  ** 


^  .  ,-»Ky-7s) 

Ye 


(2) 
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Figure  IS.  Creep  compreeaion  cl  enow  ae  a  func*  Figure  16.  Viacosity  of  new  anow 
tion  of  time  at  conatant  load  and  temperature,  (vg  aa  a  function  of  denaity  (g/cm*)  at 

ia  the  initial  denaity.  )  (From  Bucher,  ref.  6)  different  temperaturea. 

(From  Bucher,  ref.  6) 


Temperature  and  creep  atreaa  conatant. 


Figure  18.  Snow  denaity  aa  a  func¬ 
tion  of  depth  on  a  polar  glacier. 
(Site  2,  Greenland  77*N  56*W). 
(From  Bader  •  f^f  3). 
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Figure  19.  Viscoiity  ae  a  function  of  anow 
grain  aiae  for  different  denaitiea  and  tern* 
peraturee.  (From  Bucher,  ref.  6). 


Figure  20.  C>  ..ection  number  m  of 
•now  aa  a  lunetion  of  denaity. 


The  parameter  b  v.  riea  from  perhapa  aa  little  aa  5  to  aa  much  aa  40  for  different  anow 
type  *  time  aequeneea.  The  conditiona  determining  the  value  of  b  have  not  been  inveatl* 
gated,  aince  the  concept  ia  relatively  new.  It  dependa  on  anow  type  aequence,  and 
perhapa  alao  on  the  abaolute  value  of  the  creep  rate  and  temperature.  Valuer  of  b  S2I 
are  very  frequently  found.  Figure  17  ia  a  pl>>t  of  the  equation  for  different  valuer  of  b. 

Aa  an  example,  for  b  >  25,  the  creep  velocity  would  decreaae  by  three  ordera  of  ma^i- 
tude  during  denalfication  by  a  factor  of  2,  from  ?  25  to  0.  53  g/cm*.  At  y  >  0.  4  a  10% 
increaae  in  denaity  would  drop  the  creep  rate  to  one-inivd. 

Thia  atrong  function  indicatea  that,  when  a  anow  cover  conaiating  of  layera  of  different 
denaitiea  ia  alowly  compreaaed,  for  inatance  by  a  footing,  the  lighter  layera  will  denaify 
much  farter  than  the  heavier  onea,  reaulting  in  a  homoger.iaation  of  the  maaa  with  reapeci 
to  denaity.  Thia  phenomenon  ia  well  illuatrated  by  denaity  profiler  of  deep  anow  on  higli 
glacierar  The  greater  the  depth  (increaaing  load-and  time),  the  amaller  the  deviationa 
of  denaity  from  the  mean  depth-denaity  curve.  Figure  18  ahowa  thia  condition  for  Green¬ 
land  anow  at  77N  56W.  The  paralleliam  of  the  maximum  and  minimum  curvea  below  25  m 
ia  attributable  to  grain  aiae  difference!.  The  lower  denaity  layera  are  coaraer-grained 
than  the  higher  denaity  onea,  and  the  aaltent  fact  la  that,  for  a  given  denaity  and  atreaa 
coarae-grained  anow  creepa  alower  than  fine-grained  anow.  Thia  ia  well  illuatrated  by 
Figure  19.  (The  creep  velocity  k  ia  Inveraely  proportional  to  the  vlacoalty  q.)  Thia  ia 
the  only  data  available,  meager  for  a  formulation  of  the  relation  between  creep  velocity 
and  grain  aiae  (D).  The  relation 


(3) 
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does  not  lit  too  badly;  the  effect  would  be  linear  in  terms  of  grain  volume. 

Freedom  of  movement  of  grains.  In  low-density  snow  there  are  large  pore 
spaces  into  which  grains  can  move  more  or  less  freely.  Thus,  for  instance,  a  grain 
squeezed  between  one  above  and  one  below  can  often  move  cut  sideways  without  exerting 
lateral  pressure  on  a  neighboring  grain.  In  consequence,  such  snow  can  be  vertically 
compressed  with  only  a  very  small  resultant  lateral  pressure  if  lateral  dilatation  is 
suppressed. 

This  phenomenon  is  must  important,  for  it  invalidates,  at  least  for  mechanics  of  low- 
density  snow,  the  classical  theoretical  approach,  wherein,  for  plastic  deformation,  the 
principal  stresses  are  related  to  strain  rates  by  analogy  to  elastic  theory.  Here  the  "m" 
number,  variously  designated  as  "cross-section  number"  or  "tra.isverse  coefficient”  is 
the  viscous  or  plastic  analog  li>  the  inverse  of  Poisron's  ratio.  The  relation  of  m  to 
density  has  been  determined  experimentally  by  uniaxial  compression  of  snow  cylinders,** 
and  is  shown  in  Figure  20.  If  z  is  the  length  of  a  snow  cylinder,  and  x  is  its  width,  and 
the  cylinder  is  uniaxially  compressed  in  z,  then 


"Tsi 

X  dt 


J 

z'3t  XAZ  ,  . 

-  -  rfz—  for  small  A. 


1  dx  '  z  Ax 


(4) 


From  this  basis  an  additive  theory  of  snow  deformation  under  combined  stresses  was 
developed,**!  *!**  but  has  been  shown  to  be  inadequate.**  Experiments  on  the  relation 
between  principal  stresses  in  confined-side  compression  reveal  that  the  resulting  lateral, 
stress  is  many  times  smaller  than  the  one  predicted  by  the  additive  theory. 

This  means  that  we  are  presently  without  a  useful  theory  of  creep  of  snow  under  com¬ 
bined  stresses.  The  freedom  of  movement  of  grains  could  perhaps  be  formulated  in 
te.-ms  of  a  factor  which  is  a  function  of  density  and  possibly  grain  size,  but  not  of  tem¬ 
perature.  The  factor  would  be  large  for  light  snow,  and  decrease  >  a  minimum  value  of 
unity  as  density  increases  Instead  of  we  would  use  a  parr  ■  ax* 


with  the  bouoricry  conditions  y  -  0,  f(0)  s  m 

>  "  Yf  s  1 

m  itself  will  have  to  be  expressed  in  terms  of  y.  Its  mini.num  value  must  be  2  at 

In  particular,  and  as  a  good  first  approximation,  low  density  snow  reacts  tu  triaxial 
stress  in  the  same  manner  as  to  three  corresponding  independent  uniaxial  stresses,  i.  e., 
the  Initial  strain  rats  i,  in  reaction  to  a  stress  e,  will  be  almost  independent  of  the 
strain  rates  and  ty  produced  by  applied  stresses  Sx  and  ry 

A  great  amount  of  accurate  experimental  vmrk  wilt  nave  to  be  done  to  clarity  triaxiat 
creep  mechanics. 

e)  Anlsotroptsm  and  sample  inhomogenelty,  Anisotropism  of  a  vectorial  property 
exists  w.ien  its  value  changes  with  the  direction  in  which  it  is  measured.  There  are  two 
msi'!  •nn^'ces  of  snow  anisotropism. 

1)  The  individual  component  ice  crys'.al  is  anisotropic.  Young's  modulus  varies 
as  much  as  15%  with  direction.  Since  the  basal  plane  norr.ial  to  the  main  crystallographic 
axis  is  the  only  shear  creep  plane,  the  effective  shear  stress  varies  with  angle  between 
applied  shear  stress  and  basal  plane.  Hence  snow  can  be  anisotropbic  with  respect  to 
Young's  modulus  and  viscosity  when  the  orientation  of  the  main  crystallographic  axis  of 
The  individual  crystals  it  not  random.  When  recrystallization  of  a  low-density  sno  v  takes 
place  under  strong  temperature  gradients,  there  is  a  tendency  for  preferred  main-axis 
orientation  parallel  to  the  gradient,  i.  e.,  normal  to  the  surface.  Long-time  pressure 
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metamorphlsm  -  for  instance  natural  densification  in  deep  snow  on  polar  glaciers  - 
also  produces  preferred  orientation,  with  main  axis  parallel  to  the  vertical  compres¬ 
sive  stress. 

2)  Snow  deposited  during  a  snowfall  is  a  very  finely  layered  mass.  During 
deposition,  density,  structure,  and  texture  fluctuate  with  fluctuating  wind  velocity, 
changing  rate  of  snowfall,  changing  shape  of  snow  flakes,  charging  absolute  and  rela¬ 
tive  humidity,  and  changing  temperature.  Sublimation  .'n;,lamorphism  and  densificatic.; 
due  to  gravitation  have  an  initially  homogenizing  Influence,  but  layering  long  remains  a 
source  Of  significant  anisotropism. 

It  would  be  surprising  if  pressure  metamorphism  did  not  produce  a  structural 
anisotropism.  In  creep  densification  under  lateral  confinement,  for  instance  in  a  layer 
under  the  load  of  the  overlying  snow,  the  principal  stresses  are  unequal  (erz^o-^  =  Vy)- 
The  special  network  of  grains  developed  under  this  condition  is  unlikely  to  be  isotropic. 

No  further  reference  tc  anisotropism  will  be  made  in  the  following  discussion 
of  snow  mechanics  because  no  useful  quantitative  data  have  been  found  in  the  literature. 
There  can  be  little  doubt,  however,  that  it  will  loom  large  in  the  further  development 
of  this  science. 

It  has  been  found  to  be  almost  impossible  to  obtain  or  prepare  identical  snow 
specimens  for  laboratory  investigation.  Quantitative  differences  in  behavior  of  appar¬ 
ently  similar  samples,  a<l  taken  from  a  natural  snow  layer,  or  of  specimens  of  care¬ 
fully  prepared  reconstituted  snow  are  very  disturbingly  large. 

f)  Snow  type  in  creep  mechanics.  The  concept  of  snow  type  as  defined  by  giving 
values  of  density,  grain  size,  permeability,  viscosity,  etc.  breaks  down  in  creep 
mechanics  unless  times  and  deformations  are  very  small,  because  all  these  parameters 
change. 

One  begins  with  a  given  snow  type,  but  ends  up  with  another  after  the  snow  has 
gone  through  a  process  of  continuous  change,  at  best  only  mass  remaining  constant.  In 
snow,  as  in  ice,  defnrmation-tinie  curves  (at  constant  str  -  ulways  show  an  initial 
transient  section  with  rapidly  decreasing  creep  rate.  In  i.  curve  often  straightens 

out  to  pet  uni  t',  termination  of  a  steady  creep  rate,  but  rai  jo  in  snow,  where  struc¬ 
tural  clranges.  particularly  jrain  growth  and  increasing  density  constantly  lower  the  creep 
rate,  it  becuii.cs  necessary  to  introduce  the  concept  of  a  continuous  time  sequence  of 
events  occur.-in^  in  a  mass  with  constantly  changing  properties,  witich  has  not  yet  been 
done  systematicaMy. 

Types  of  Mechanical  Behavior 

We  can  conveniently  distinguish  between  four  distinct  classes  of  snow  mechanics; 

1)  Collipse  mechanics.  Ultimate  strength  in  tension,  compression,  and  shear 
is  given  by  the  stresses  causing  structural  collapse.  Here  the  characteristic  feature  is 
sudden  loss  of  cohesion,  breaking  of  the  bonds  betwee.i  grains,  with  or  without  the 
development  of  c<«>cks.  In  tension  and  pure  shear,  the  snow  mass  often  brecks  in  .>ne 
plane;  in  compression  it  sometimes  crumbles,  but,  when  unconfined,  often  shows  .he 
conical  failure  indicating  shear  surfaces.  Disaggregation  is  an  important  absorber  of 
energy  in  snow  removal. 

2)  Flow  mechanics.  The  characteristic  phenomenon  i.t  continuing  rapid  defor¬ 
mation  after  structural  collapse.  The  rigid  units  are  individual  grains,  or  groups  of 
grains  forming  lumps  of  different  size,  which  in  dry  snow  often  break  up  further  during 
flow,  but  in  wet  snow  can  re-aggregate  to  larger  coherent  masses.  In  flow,  energy  is 
absorbed  by  dynamic  friction  between  rigid  units,  by  their  acceleration,  and  by  further 
fracture  to  smaller  units.  Flow  mechanics  is  involved  in  rapid  sliding  along  shear 
planes  within  a  snow  mass,  produced  for  instance  by  failure  of  abutments;  in  avalanches 
of  all  types;  in  snow  plowing;  in  crushing  of  snow  under  excessive  load,  by  men  on  foot 
or  skis  and  by  oversnow  vehicles;  by  penetrating  hardness -measuring  instruments;  by 
ramming  of  foundation  piles;  also  often  in  sliding  contact  between  snow  and  other  objects, 
such  as  skis,  snow  shovels,  plow  blades,  and  avalanche  slope  terrain. 
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Snow  is  a  highly  efficient  absorber  of  shock  energy,  which  is  largely  apent  locally  in 
disaggregation  and  densification  by  fast  flow. 

A  special  type  of  flow  is  er  countered  in  loose  snow  avalanches  and  roUry  snow 
plowing,  where  the  snow  particles  are  more  or  less  suspended  in  a  fast  flowing  air 
stream,  which  because  of  low  internal  friction  behaves  to  some  extent  like  a  heavy  gas. 

3)  Creeo  mechanics.  This  is  deformation  under  stresses  smaller  than  those 
leading  'o  structural  c  ollapse.  The  characteristic  feature  is  that  there  is  no  rapid  change 
of  cohesion. 

4)  Elasticity  mechanics.  Here  the  elastic  properties  of  the  mass  dominate. 

We  are  interested  in  response  to  rapid  stress  changes,  primarily  wave  propagation 
following  explosions  for  construction  and  demolition  or  for  seismic  sounding. 

We  will  now  discuss  snow  mechanics  in  more  detail,  where  possible. 

1)  Collapse  .Mechanics 

The  value  of  strength,  expressed  in  terms  of  stress  (per  unit  area)  measured  just 
before  more  or  less  sudden  failure  of  test  specimens,  must  be  applied  with  caution  to 
problems  of  failure  of  objects  of  different  size  and  shape  under  different  stress  condi¬ 
tions.  In  the  following  discussion  of  strength,  the  main  interest  is  in  relative  value, 
in  the  functions  rather  than  in  specific  values  of  parameters. 

a)  Tensile  strength.  The  effect  of  temperature  on  tensile  strength  is  not  well 
formulated.  Practically  me  only  data  available  *  are  given  in  Figures  21  and  22,  which 
show  a  strong  effect  for  fine-grainsd  snow,  and  a  weak  one  for  coarse-grained  snow. 
Between  -IOC  and  -30C,  a  strength  gradient  of  some  -2 4%  per  1C  does  not  fit  badly  to  fine¬ 
grained  snow;  it  becomes  larger  at  high  temperature  and  smaller  at  'ow  temperature. 

The  figures  show  the  strong  effect  of  density,  but  this  is  better  illustrated  by  determin¬ 
ation*  made  at  Site  2,  Greenland  (77N  S6W)  in  a  deep  snow-cover  sequence.  In-sltu 
snow  temperature  is  -24.  SC,  and  the  densest  snow  is  from  30  m  depth  and  40  years  old. 
Tests  by  three  methods,  described  in  reference  8.  were  made  at  >se  to  -ICC  and 
corrected  to  -i0(:  by  -24^*per  1C.  Figure  23  summarizes  the  ‘s.  The  following 

equation,*  -c’  -ifi'ie  '  trengih  to  density  at  -IOC,  will  also  be  us  .  shear  and  crushing 
strength: 

(r’aAy  ^1  ♦hi  Ay)*  j  (5) 

Ay  »  y-ys 

^  a  tensile  strength  at  -iOC  (by  ring  test  *'),  in  psi  (multiply  rby  70.  3  to 

*  obtain  g^cm*) 

a  <  503 
b  s  2.88 
y,  s  0.  37  g/cm’ 
y  >  0.  4  g  /cm* . 

It  would  be  surprising  if  the  parameter  given  for  the  tencUe  strength  equation  for  tha 
high-density  fine-grained  Site  2  snow  were  applicable  to  snow  from  other  areas,  but 
the  variation  may  not  be  very  large.  .A  tensile  strength  versus  de.-:sity  diagram  for  lower 
density  snows  (Fig.  24)  shows  a  very  large  scatter. 

b)  Shear  strength.  Shear  strength  of  snow  is  very  similar  to  tensile  strength, 
and,  although  the  numbers  given  below  indicate  a  lower  shear  strength,  we  must  never¬ 
theless  assume  that  tensile  strength  is  lower  than  shear  strength,  because  cylinders  in 
torsion  fail  with  helical  fracture  surfaces  characteristic  of  tension  failure.*  The  dis¬ 
crepancy  can  be  attributed  to  test  techniques,  as  described  in  references  2,  7,  8,  31 
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Figure  2$.  Shear  ctrength  oi  enow 
vereus  deneity.  Site  2,  Oreenland. 
Measured  by  shearing  out  the  cen* 
tral  section  o!  a  cylinder  (double 
shear).  (From  Butkovich,  ref.  8). 
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Figure  23.  Tensile  strength  of  snow 
versus  density.  Site  2,  Greenland. 
(From  Butkovich,  ref.  8). 
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Figure  24.  Tensile  strength  versus 
density  for  low  density  snows. 
Measurement  by  centrifugal  method. 
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Figure  26.  Torsional  shear 
strength  of  snow  versus  den* 
sity.  Site  2,  Greenland. 
(From  Butkovich,  ref.  8) 
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Figure  25,  again  of  tcata  made  at  Site  2,  Greenland,  ahowa  the  relation  of  ahear  atrength 
to  denaity.  Equation  5  now  appliea  aa  followa; 

e  =  e,  =  ahear  atrength  at  zero  normal  preaaure  in  pai  at  -IOC 
a  333 
b  ^  7.04 
Vo  -  0-  37  g/cm* 
y  >  0. 4  g/cm*. 

A  graph  of  valuea  of  ahear  atrength  plotted  againat  denaity  for  low-denaity  enow  would  be 
very  similar  to  Figure  24.  Toraional  ahear  atrength  of  high-denaity  anow  waa  alao 
determined  at  Site  2,  with  reaulta  ahown  in  Figure  26.  The  parametera  of  eq  5  are: 

e  3  toraional  modulus  of  rupture,  in  pai  .  -IOC 
a  °  230 
b  *  5.73 
yo  *  0-  3'^  g/cm* 
y  >  0.  5  g/cm*. 

Since  the  cylinders  break  on  45-degree  helical  surfaces,  the  failure  is  in  tension.  Here 
tensile  stress,  compressive  stress,  and  ahear  stress  are  all  equal.  The  larger  differ¬ 
ence  in  values  of  tensile  strength  calculated  from  torsional  and  ring  teats  may  be  due  to 
the  difference  in  general  stress  distribution. 

Using  soil  mechanics  terminology,  shear  strength  at  zero  normal  pressure  is  often 
called  cohesion. 

Shear  strength  increases  when  pressure  (less  than  the  r  "  'ng  strength)  is  applied 
normal  to  *hn  pl.tne  of  failure.  Figure  27  shows  the  effect  te  2  snow,  the  curves 

corresponding  r  the  following  parameters  of  eq  5: 


Normal  pressure 

a 

b 

JfSl- 

0 

330 

7.04 

0.37 

30  psi 

558 

5.44 

0.37 

60  psi 

643 

6.13 

0.37 

Figure  28, giving  shear  strength  versus  normal  pressure  at  constant  de^'lly  is  important 
in  showing  that  Coulomb's  equation  (linear  Mohr  envelope)  is  not  applicable  to  cohesive 
snow.  But  if  the  grain  bonds  are  broken  by  structural  collapse,  and  tests  aro  made  be¬ 
fore  strong  new  bonds  form,  we  have  a  material  behaving  somewhat  like  sand  and  the 
Mohr  envelope  straightens  out.*  Figure  29s  is  for  coarse-grained  disaggregated  a  low, 
where  new  grain  bonds  develop  slowly;  Figure  29b  is  for  fine-grained  snow,  where  they 
develop  quickly.  Coulomb's  law  is  used  in  snow  engineering,  for  instance  in  avalanche 
mechanics,  and  in  relation  to  performance  of  oversnow  vehicles,  but  is  of  highly  doubt- 
I'c!  value  to  theoretical  development.  Coulomb's  law  states  that  the  shear  strength  is 
equal  to  the  cohesion  plus  the  product  of  normal  pressure  and  the  tangent  of  the  angle  of 
internal  friction. 

c)  Crushing  strength  (unconfined  uniaxial  compressive  strength).  Testing  is 
usually  done  on  cylindrical  s^clmens  with  length -to- width  ratio  larger  than  2.  Loading 
rate  should  be  high  to  minimisd  densification  before  failure.  Figure  30  summarises  the 
Site  2  tests.  Equation  5  simplifies  to 

•  1418  (y-0.  39),  y>  0.4 
where  r.  *  crushing  strength  at  -IOC  in  psi. 
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Conical  failure  la  often  noticed  in  high-deneity  snow,  while  low-density  snow,  which  is 
very  weak  in  compression  and  less  homogeneous,  fails  along  Irregular  surfaces  with 
local  crumbling  Comparison  of  Figures  23  and  30  shows  that  tensile  strength  is  close 
to  one-half  of  the  crushing  strength,  which  is  not  surprising  because  in  uniaxial  com¬ 
pression  the  maximum  shear  stress  is  approximately  half  of  the  compressive  stress, 
and  shear  and  tensile  strengths  are  similar. 

3oth  in  nature  (snow  in  an  avalanched  deposit)  and  in  technology  (compacted  snow  as 
a  construction  material)  we  encounter  the  phenomenon  of  age  hardening  of  reconstituted 
enow.  The  term  reconstituted  snov/  is  here  used  to  designate  a  material  produced  either 
by  c  ok  lapse  of  a  cohesive  snow  structure  by  rapid  deformation,  or  by  redeposition  of 
disaggregated  snow.  Immediately  after  its  formation,  reconstituted  snow  has  very  tow 
strength,  but  it  gains  strength  with  time,  ultimately  attaining  approxinnately  that  of 
slowly  compressed  snow  of  equal  density. 

.Crushing  strength  of  reconstituted  snow  as  a  function  of  time  approaches  a  maximum 
value  exponentiallyi''* 


»m 


s  crushing  strength  at  time  ^ 

*  maximum  attainable  crushing  strength 
rs  ■  crushing  strength  at  t  z  0 
It  z  rate  coefficient. 

The  longer  it  takes  for  r.  to  reach  a  given  fraction  of  a-m>  ti>s  smaller  the  value  of 
k,  which  immediately  suggests  that  the  rate  coefficient  is  temperature  dependent  accord- 
Ihg  to  eq  1.  The  lower  the  temperature,  the  smaller  the  rate  of  strength  Increase.  The 
rate  of  age  hardening  is  accelerated  by  temperature  gradir’’'  and  pressure,  by  any 
process  which  stimulates  internal  vapor  transfer.  In  engl  tg  practice  (compacted 
snow  roacs,  tri  ich  roofing)  it  usually  takes  several  days  i  .  to  reach  J  rm  st  tem¬ 
peratures  arsnnd  -IOC.  * 

d)  Cvmpiesstve  strength.  For  low-density  snow,  the  compressive  strength 
under  lateral  'confinement  ((or  instance  axial  stress  on  a  snow  cylinaer  filling  a  rigid 
tube)  is  little  gro.ter  than  the  corresponding  unconfinc-.l  crushing  strength,  but  the  dif¬ 
ference  increases  with  density  according  to  a  function  which  has  not  been  determined. 

It  is  unlikely  that  any  existing  theory  relating  failure  in  compression  to  the  value  of  the 
principal  will  be  useful  for  low-density  snow.  The  collapse  of  a  snow  siructura  by 
failure  of  Individual  bonds  locally  and  in  rapid  sequence,  with  development  of  high  stress 
concentrations,  destructive  shock  waves  etc. ,  strongly  suggests  that  it  will  be  very 
difficult  to  depart  from  use  of  purely  em;>irical  relations,  and  a  great  am'-unt  of  experi¬ 
mental  work  will  have  to  be  done  before  such  can  be  formulated.  * 

If  a  low-density  snow  is  fairly  rapidly  compressed  in  a  cylinder  by  a  piston  in  uni¬ 
form  motion,  it  reacts  by  collapse  in  several  steps,  unto  the  density  reaches  about 
0.  S  g/cm*.  At  each  collapse  stage,  there  is  a  sudden  loss  of  piston  pressure,  followed 
by  s  continuous  increase.  After  reaching  a  density  around  0.  5,  the  snow  grains  are  in 
close  packing:  the  stress  then  increases  very  rapidly,  as  further  densificatlon  requires 
deformation  of  an  increasing  number  of  grains.  Here  we  change  from  a  discontinuous 
process  of  cpllapse  by  breaking  of  grain  bonds  to  a  continuous  one  of  frictional  flow. 

If  an  object,  such  as  s  plate,  is  pressed  into  a  large  snow  mass  at  a  uniform  rate,  the 
processes  of  densificatlon  by  collapse  and  flow  are  both  active.  The  stress  in  the  snow 
decreases  with  distance  from  the  plate  because  it  is  distributed  over  Increasing  areas  of 
the  pressure  bulb.  Collapse  takes  place  in  successive  thin  layer  increments  as  the 
stress  reaches  the  compressive  strength  in  each,  while  collapsed  layers  begin  to  densify 
by  frictional  flow  at  high  pressures.  Stepwise  collapse  is  well  illustrated  by  Figure  31, 
a  stress  penetration  curve  for  a  plate  moving  at  2  cm/min.*^  The  shaded  area  of 
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Figure  32  indicate*  the  range  of  deniitie*  to  which  new  snow*  are  compresaed  by 
collapae  under  lateral  confinement  and  negligible  lateral  friction.*  The  behavior 
at  -2C  of  five  aamplee  of  original  denaity  lying  between  0.  06  and  0.  16  g/cm*  fall* 
within  the  ahaded  araa.  Careful  work  with  preaaure  plate*  ahould  make  it  poaaible  to 
define  the  limit*  of  the  preaaure  bulb  (within  which  the  anow  ia  diaturbed).  The  alow 
increaae  of  atrea*  with  penetration  indicate*  that  the  diameter  of  the  preaaure  bulb 
Incieeae*  only  alowly  ‘vith  distance  from  the  plate.  Figure*  33  and  34  ahow  the  develop- 
mont  of  eaaentially  conical  preaaure  bulb*  in  tow-denaity  anow,**  reflecting  the  weak* 
neaa  of  ahear  reaiatance.  In  contraat  to  thia,  wet  anow  (Fig.  35)  appears  to  have  a  high 
ratio  of  ahear  to  compreaalve  atrength,  and  a  very  low  viacosity. 

a)  Work  of  dtaaggreaation.  This  i*  the  minimum  work  that  haa  to  be  done  to 
break  up  a  unit  volume  or  mass  of  snow  into  its  individual  grains.  It  applies  only  to 
low-density  snow  (y<Q.  55),  which  can  be  disaggregated  without  significant  grain  break¬ 
age.  Measurements  are  made  by  alowly  moving  a  anow  cylinder  against  a  slowly  revolv¬ 
ing  spiked  wheel  and  measuring  tha  torque  and  the  rpm.*  Figure  36  give*  the  work  of 
disaggregation  for  Site  2  snow.  Eq  5  can  again  be  used. 


#  ■  work  of  disaggregation  in  Ib/in* 
a  s  1.20 
b  s  65.12 

Y#  •  0-  3’ 

Y  <  0.  55. 

Hard  high-density  snow  cannot  be  disaggragated  without  significant  grain  braakage. 
Tha  concept  of  minimum  work  of  disaggregation  then  becomes  maaninglas*. 

Technical  note;  It  is  well  known  that  large  rotary  anowplr  '  with  disaggregators  to 
break  up  the  snow,  can  process  vary  much  less  hard  snow  soft  anowt  yat  the  work 
of  dlaaggregati  n  is  almost  negligibly  small,  requiring,  at  .  ..dog  to  the  above  aquation, 
only  2.  1  hp  itr  I  yd*/**c  cf  0.  5  density  snow. 

f)  High  s^ud  collapse  mechanics  is  technically  important  ia  snow  removal, 
compaction  of'snowby  moving  vebicie*.  avalanche  effects,  and  explosions  in  snow.  At 
high  speed  (mete:-*  per  second),  compressibility  and  flow  of  interstitial  air,  snow-mas* 
inertia,  and  fast  frictional  flow  become  important.  This  branch  of  snow  mechanic*  is 
almost  completely  undeveloped. 

A  single  significant  published  paper  was  found.**  An  in*trument«u,  heavy  guided 
cylln^r  was  dropped  into  snow.  The  pertinsnt  observation*  are  that  the  resistance  to 
penetration  at  velocities  of  meters  per  sacond  oscillate*  (frequsncy  of  the  order  of 
mllli-secoods),  and  that  the  pressure  bulb  shows  alternating  high-  and  low-density 
layers,  as  illustrated  to  Figure  37,  indicative  of  a  shock  wav*  (with  interference  pte- 
nomena)  travelling  faster  than  the  penetrating  object.  It  is  obvious  that  analysis  must 
await  more  experlmsntal  work. 

2)  Flow  mschaoles 

There  are  insufficient  quantitative  data  available  to  permit  a  fruitful  exposltioo  of 
flow  mechanics.  The  only  subject  oe  which  w*  have  an  appreciable  volume  of  publica¬ 
tion*  1*  marginal  to  flow  mechanics,  because  in  most  cases  a  surface  layer  only  a  few 
grain*  thick  is  Involved.  This  is  friction  of  skis  on  snow,  and  her*  the  scatter  of  data 
and  diversity  in  procecur*  are  so  large  that  one  cannot  formulate  a  good  theory  of  fric¬ 
tion  between  solids  and  snow.  Only  a  fsw  general  conclusions  are  worth  summarising. 

a)  The  coefficient  of  kinstic  friction  (ratio  of  tangential  to  normal  force)  of 
relatively  smooth  solid  surface*  on  snow  varies  mainly  between  0.  01  and  0. 1  but  can  be 
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larger.  Increasing  the  degree  of  solid  surface 
smoothness  of  non-metallic  substances,  such  as 
plastics,  glass,  reduces  friction,  but  not 
necessarily  so  for  metals. 

b)  Hydrophobic  coatings  reduce  friction 
on  «ot  snow,  but  to  a  much  smaller  degree  on  dry 
snow. 

e)  Friction  on  coarse-grained  snow  is 
lower  than  on  fine-grained  snow. 

d)  The  coefficient  decreases  with  in¬ 
creasing  normal  load. 

e)  The  coefficient  Increases  with  de¬ 
creasing  temperature. 

f)  The  coefficient  increases  with 
velocity,  but  probably  less  than  linearly. 

There  is  little  doubt  that  the  tow  coefficient  of 
sliding  friction  results  from  lubrication  by  melt 
water  produced  by  frictional  heating,  and  not  by 
pressure  melting. 

Figures  38  and  39  summarize  the  only  data 
available  for  dynamic  friction  ot  snow  on  snow,* 

The  snow  was  wet  and  hard,  with  a  density  of  from 
0.  6  to  0.  6.  The  salient  feature  is  an  increase  of 
friction  with  velocity  at  constant  normal  pressure, 
and  an  increase  with  normal  pressure  at  constant 
velocity. 


s  ase  ase  ase  ase 
g.tcasnr  ii/tiPt 

Figure  36.  Minimum  work 
of  disaggregation  per  unit 
voli<''>e  of  snow  versus  den- 
Site  2,  Greenland', 

.1  Butkovich,  ref  8) 


Figure  37.  High  speed  collapse  compressicn  of  snow,  l.eft:  Spray  figure  show¬ 
ing  dark  high  density  layers  in  pressure  bulb.  Right;  Shade  figure  of  same  pres¬ 
sure  bulb.  (From  Yosida,  ref.  38) 
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Figure  38.  Dynemic  Irictloc  of  enow  on 
•now  ver«ua  normal  preaaureon  contact 
area.  Hard,  wet  mow. 

(From  Bucher  and  Roch.  ref.  7) 


Figure  39.  Dynamic  friction  of  snow  on 
•now  veraua  velocity  of  relative  motion 
of  contact  areaa.  Hard,  wet  enow. 
(From  Bucher  and  Roch,  ref.  7). 


The  important  natural  proceaeea  and  technologiea  involving  flow  for  larger  maaaea 
of  enow  preaently  have  no  theoretical  baaia  worth  mentioning. 

3)  Creep  mechanlca 

In  claaaical  mechanlca  of  aolida,  eapecially  of  conatruction  materiala,  a  detectable 
rate  of  creep  ia  often  conaidered  tc  ^  a  failure.  Not  au  in  anow,  where  relatively  very 
high  creep  ratea  are  often  tolerable  in  engineering  practice.  It  becomea  reaaonable  to 
identify  failure  with  collapae  rather  than  with  creep. 

By  creep,  aa  already  atated,  we  will  underatand  deformation  under  atreaaea  amaller 
than  thoae  cauaing  atructural  collapae.  Creep  mechanlca  deala  with  the  relatione  between 
•treaa,  atraln,  and  time. 

Rheologically,  anow  la  a  non-Newtonian,  viaco-elactlc  aub  •».  It  ia  viacoua 
!,eeauae  it  ••ill  ’■  j<ti-o  permanent  time-controlled  deformation  very  amall  atreaaea; 

elaatic  becauae  thetu  la  a  time -independent  deformational  compv.iunt  recoverable  upon 
•treaa  release,  and  non-Newtonian  becauae  the  atraln  rate  la  not  a  linear  function  of 
•treaa.  Strain  rate  (r)  increaaea  faster  than  atreaa  (e),  with  the  important  charactar- 
iatie  that  It  remriua  practically  constant  for  stress  values  up  to  about  600  g/cm*  (8J  pal). 
Since  this  la  also  close  to  the  maximun.  shear  strength  of  low-denalty  snows,  these  can 
be  considered  Newtonian  with  respect  to  viscosity.  The  scatter  of  experimental  creep 
data  obtained  from  highly  stressed  bigh-denaity  anow  is*  such  that  the  choice  of  one  power 
series  in  preference  to  another  cannot  be  made  with  great  confidence.  At  the  present 
time,  a  hyperbolic  sine  function  ie  gaining  favor,  becauae  it  fits  the  data  rather  well, 
and  ia  supported  by  theoretical  considerations  **  baaed  on  activation  kineticf*.  The 
hyperbolic  eine  ia  also  easier  to  handle  analytically  than  finite  power  aeries. 

We  can  therefore  write: 

I  ee  ee  ainb  .  (^) 


To  obtain  eome  ineight  into  the  nature  of  the  function,  we  write  it  aa  a  series 


ea  ainh  ^ 

*  e# 


and  see  that  the  first  term  e  dominates  (1.  e.,  the  viscosity  ia  almost  Newtonian)  whan 
r/e»  ia  amall. 

The  aeries  can  also  be  written  ae 
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Vo  ..  Vo 


where  we  eee  that  the  influence  of  the  second  term  is  small  when  vo  large;  the 
function  then  becomes  exponential.  Since  o’/o'b  must  be  a  real  number,  has  the  dimen-^ 
sion  i>f  a  stress.  A  value  of  about  700  g/cm*  (10  psi)  has  been  derived  from  experiments.*' 


In  Figure  40  we  have  plotted  the  follow¬ 
ing  fun(Vions: 

y  -  V 

y  =  TOOsinhTfjj 

y  =  35°*»p7So- 

If  we  are  willing  to  accept  a  10%  error 
limit,  which  is  quite  reasonable,  we  can 
in  principle  handle  any  problem  where 
stresses  do  not  exceed  600  g/cm*  on  the 
basis  of  direct  proportionality  between 
stress  and  strain  rate,  and  when  stresses 
are  always  above  800  g/cm*  we  can 
assume  proportionality  of  strain-rate  to 
an  exponential  function  of  the  stress, 
which  simplifies  expression  and  calcula¬ 
tion,  For  stresses  larger  than 
1000  g/cm*  the  error  drops  less  than  1%. 

Let  us  now  consider  the  creep  prop¬ 
erties  of  a  given  snow.  In  order  to 
minimize  the  effect  of  density  change, 
total  strain  >  i  Kept  very  small. 

Here  a  de’icafe  p.oce  of  work  **  allows 
an  analys.s  of  fund,imental  creep  behavior. 

A  cylinder  of  rela'v/ely  new  snow  of 
density  0. 19  v.-  is  suMected  at  -9C  to  a 
uniaxial  surcharge  rtisss  of  10*  dynes /cm* 
(to  g/cm*)  for  7  minutes,  and  then  the 
surcharge  was  removed. 

Figure  41  shows  the  result  after 
subtracting  the  effect  of  the  weight  of  the 
snow  cylinder  by  a  satisfactory  method. 
When  applied  stresses  are  so  small 
that  the  proper  weight  of  the  snow  sample 
cannot  be  neglected,  it  can  be  assumed 
that  there  exists  a  vertical  force  equal 
to  1  of  the  proper  weight.**  The  be¬ 
havior  is  interpretable  by  a  rheological 
model  consisting  of  single  Maxwell  and 
Voigt  units  in  series,  as  shown  in 
Figure  42. 


y  *  V 

y  *  Vo  ^  T*  *  700 
Y  *  ^  exp  for  Tj  *  700 


1)  Instantaneous  elastic  strain  (O  to  A  in  Fig.  41)  corresponds  to  compression 
of  the  Maxwell  spring. 

2)  Decreasing  strain  rata  (A  to  B)  "transient  creep"  corresponds  to  the  sum 
of  constant  viccous  flow  in  the  Maxwell  dashpot  and  decreasing  viscous  flow  in  the  Voigt 
dashpot  as  the  Voigt  spring  is  compressed. 


3)  Consta.1t  strain  rate  (B  to  C)  "steady  state  creep"  corresponds  to  viscous 
flow  in  the  Maxwell  dashpot  alone,  after  the  Voigt  spring  has  picked  up  practically  the 
full  load. 


/ 


A 
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Figure  41.  Strain,  parallel  to  uniaxlally  applied 
conatant  atreaa,  vereus  time  Streaa  removed 
at  t  °  7  min.  Snow  density  y  =  0.  19.  tempera* 
ture  -9C.  (From  Yoaida  et  al. ,  ref.  37) 


Figure  42.  Rheological  model  for 
behavior  shown  in  Fig.  4l.  Max¬ 
well  and  Voigt  rheological  unite  in 
series.  (From  Yosidaet  ref.  37) 


4)  Instantaneous  complete  recovery  (C  to  O)  of  original  elastic  strain  (OA) 
upon  stress  release  corresponds  to  stretching  of  Maxwell  spring. 

5)  Slow  recovery  (D  to  D')  of  the  strain  component  (AA'I  "elasto-viscous 
aftereffect"  corresponds  to  relaxation  of  the  Voigt  unit. 

In  terms  of  the  snow  structure,  it  can  be  visualized  that  the  Maxwell  unit  represents 
the  behavior  of  the  aggregate  as  an  ideal  highly  viscous  Newtonir  fluid,  while  the  Voigt 
unit  represents  the  complications  arising  from  interference  a>  troupe  of  neighboring 
grains,  wh,jr>  I.  <-nI  stresses  and  strains  are  constantly  chang.  the  grains  move  with 
respect  to  one  anotiier. 

The  s.'iine  rnr^del  has  been  applied  also  to  the  behavior  of  granular  ice  at  low  stresc.** 
It  must  be  pointed  o.|t,  however,  that  rheologists  have  developed  much  more  sophisticated 
theories  of  visco-e'a.‘’tic  behavior. 

The  Maxwell  rheological  unit  corresponds  to  the  following  relation  between  stress  r> 
strain  C|,  time  t_,  elastic  modulus  Ej.  and  viscosity  ii|.* 

The  first  term  is  OA  in  Figure  41  and  the  second  the  vortical  distance  from  A*  to  C. 

Here  for  constant  stress  there  is  a  constant  strain  rate  i  >  Bs/0t  given  by  the  slope 
of  BC.  This  is  Newtonian  flow. 


The  transient  creep  term  is  introduced  by  tbe  Voigt  unit 


(9) 


•*"eiO**  0°) 

where  r  »  "retardation  time.** 

The  value  of  the  exponential  term  decreases  rapidly,  so  that  AA*  r/Ez> 

iNote  that  this  coeTfrcienf  ii  (Wldt  that  of  dynamic  viscosity  relating  to  shear,  since 
Poisson's  ratio  is  close  to  zero  here. 
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The  Voigt  creep  rate  Is 


_t_ 

T 


The  total  creep  is; 
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(10a) 


(U) 


and  the  creep  rate 


<  *  <1  ♦  4j  « e 
ni  *1* 


(12) 


The  second  term  of  eq  12  reflects  the  transient  creep  rate,  which  rapidly  decreases 
with  time. 

At  time  tg,  when  the  load  is  removed,  the  stress  on  the  Voigt  spring  is  «rs. 
ti 


cs  •  r  (i'S  ). 


(I2a) 


The  strain  recovery  by  elasto-viscous  aftereffect  (DD '  in  Fig.  41)  takes  place  at  the 
decreasing  rate  -fy. 


and  the  total  recovery  at  time  t  >t(  is 

t-t. 


....gO-.- '  ). 


(i3) 


(14) 


If,  at  time  t«,  the  plate  exerting  the  constant  stress  c  had  been  locked  in  relation  to 
the  base  of  the  vertical  snow  cylinder,  the  stress  acting  on  the  plate  would  have  begun 
to  decrease  by  relaxation.  The  rate  of  stress  decrease  should  be 


•  »r 

Cy  ■  — at  constant  strain  t* 
Wo  use  eq  1 1  and  obtain,  ^t  time  t*  *  At 

.  AL 


’)J 


(15) 


I 
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The  etrese  iteeU  ia: 


The  validity  of  the  rheological  modal  haa  not  been  teated  by  experimental  verification 
of  eq  1 5  and  1 6. 

In  the  example  ahown  in  Figure  41,  the  parametera  ace  a«  followa: 

£|  =  0.96x10*  dyne/cm* 

Ei  a  1.92  X  10*  dyne/cm* 

t)|  a  2. 45  X  10*  dyne-aec/cm*  fpoiaea) 
a  9. 80  X  10*  dyne-aec/cm*  (poiaea) 
r  a  51  see. 

For  fine-grained  ice  at  -IOC  we  find  valuea  of  the  following  order*  of  magnitude;'* 

£,  a  10<*  q,  a  10>*  poUe* 

Ej  a  10“  qt  a  10“  poiae* 

r  a  10*  eae. 

Thi*  ehow*  the  tremendoua  change  in  parameter  value*  to  be  expected  a*  enow  deneity, 
etructure,  and  texture  change  wifii  time  and  deformation.  Mere  i*  one  of  the  greateet 
obetacle*  to  the  development  of  a  general  theory  of  creep  mechanic*  of  enow.  Another, 
which  ha*  already  been  touched  upon,  i*  the  paralyzing  effect  of  vary  ng  freedom  of 
grain  movement  within  the  enow  etructure  on  formulation  of  creep  behavior  under  com¬ 
bined  etreeae*. 

Claeeical  theory  of  creep  deformation  of  eolide  formulate*  th  relation*  between 
etree*  condition  and  pure  ahear  etrain,  incompra**ibility  bein'  -pt  for  Poieeon 
effect*)  an  ua» 'i.!i‘’l  iremiae.  Hence  an  incompreeelbl*  body  ot  deform  under 

hydroatatic  r tree*  condition  became  ahear  straaea*  vanish  whan  tae  principal  etreeae* 
become  equ.il.  Bnt  anow  does  deform  under  hydrostatic  stre**,  reacting  by  *  permanent 
change  of  vulumv,  dt  .isifying  apparently  according  to  exactly  the  same  law*  applying  to 
creep  by  shear.'* 

The  modification  of  classical  theory  to  account  for  hydrostattc  “deesification  creep” 
ha*  not  been  eeriously  attempted.  It  i*  not  known,  for  instance,  whether  the  concept 
of  hydrostatic  component  (  )  £*i)  remain*  at  all  meaningful. 

The  modified  theory  will  also  liave  to  account  for  a  phenomenon  which  emerged 
early  in  enow  mechanic*:'  the  fact  that  rate  of  elongation  under  uniaxial  tension  is  much 
smaller  than  the  rate  of  shortening  under  equal  compression  (Fig.  43). 

The  significance  of  thi*  difference  in  creep  rate  i*  accentuated  by  the  small  reduc¬ 
tion  of  density  during  elongation  (for  instance  3.  S%  lor  an  elongation  of  16.  6%  '  against 
large  densification  during  compression.  It  is  clear  that  eq  2,  a  very  strong  function,  is 
not  valid  when  the  dominating  principal  st.'ess  is  tensile  and  strains  are  large,  which 
could  introduce  an  inaurmounteblo  difficulty  into  general  theory.  But  eq  2  does  apply  for 
small  strains,  in  snows  of  different  densitie*,  in  tensile  creep.  It  may  also  be  possible 
to  reconcile  the  difference  between  tensile  and  compressive  creep  rate*  by  introducing 
a  "shrinkage  stress”  *  as  shown  in  Figure  44.  is  a  tensile  stress  required  to 
prevent  a  virtual  densification,  which  is  conceived  to  be  taking  place  during  subjection 
of  snow  to  compressive  or  tensile  stress,  but  not  during  a  condition  of  no  applied  stress. 
If  r  is  a  uniaxiM  stress,  then  the  creep  rate  in  compression  under  v-cg  1*  approxi¬ 
mately  equal  to  that  in  tension  under  e  h  rg. 

Figure  45  illustrate*  another  frustrating  aspect  of  creep  mechanics.  It  is  a  new 
plotting  of  old  data  **  on  creep  under  uniaxial  stress.  Two  samples,  one  of  compacted 
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new  enow,  the  other  of  compacted  old  enow,  were  •  ••  .  — ■  j  — 

subjected  to  increaeing,  high  compreeeion  in  !  *  ‘  lloaunoM 

steps.  It  is  noteworthy  that  at  very  high  creep  |  S  ■ 

rates  (<  »  10‘*  to  l6-s  ,*c -») 

a)  the  exponent  multiplier  b  of  eq  2  **  o  ■ 

decreases  with  increasing  stress  ~  • 

b)  The  hyporbi  lic  sine  law  (eq  7)  may  a  .  _ 

not  be  valid.  If  it  is  valid,  then  «'•  will  be  much  S  ■  \S, 

larger  than  the  10  psi  previously  quoted,  » 

The  range  of  creep  rate  within  which  rela-  I  •*]  ^^^^***25.* 

tions  2  and  7  are  valid  is  not  known,  but  most  «  ■  -  — 

probably  includes  the  maximum  deformation  I  ^ 

rates  tolerable  in  snow  engineering  (foundations,  g  !  ■>  tflssestos 
excavations  in  snow,  and  snow  roofs).  That  it  •• 

does  include  natural  densification  creep  over  I  S  S  S  S 

the  «hole  range  of  snow  densities  in  the  very  suasriMivtaiB  le  ssm 

deep  snow  cover  of  polar  glaciers  is  shown  in  ^  i  /  _ 

Figure  46.  The  points  are  measured  densities  Figure  43.  Connparison  of  creep 

at  the  indicated  depths  below  the  surface.  The  tjntioa  and  corn- 

curve  was  calculated  •  on  the  basis  of  validity  pression  for  different  atresaea. 

of  the  hyperbolic  sine  law  of  stress  dependence  (From  Bader  £t  £1. ,  ret.  a) 

(eq  7,  es  -  g/cm*)  and  the  exponential  law 
of  density  dependence  (aq  2,  b  >  21.  05).  This 

theory  fails  at  y  >  0.  84  g/cm*,  r  >  5  kg/cm*i  but  than  we  no  longer  have  permeable 
snow,  but  rather  porous  ice. 


The  fact  that  for  the  deep  pit  at  Wilkes,  Antarctica  (66 ^*S,  112*E)  the  theoretical 
curve  fits  well  down  to  y  >  0.9  g/cm*  (Fig.  46)  indicates  that  it  is  the  hyperbolic  sine 
law  which  fails  at  9  >  5  kg/cm*.  At  Wilkes  e  *  4.  3  kg/cm*  fo'  y  =  0.  9,  re  Is  the  same 
as  at  Site  2,  Greenland,  but  b  =  15.  77.  The  creep  rate  of  s  *  'ppears  to  be  highly 
sensitive  to  chanue  of  rate  of  stress  application  (second  der  1  of  stress  with  res¬ 

pect  to  time).  i>  nplea  taken  from  natural  snow  that  had  bet  .  objected  to  a  slowly  in¬ 
creasing  load  tiir  decades  *  thawed  an  increase  in  creep  rate  of  the  order  of  10*  when 


Figure  44.  Change  in  length  of  cylindrical  snow  samples  versus 
stress,  at  different  elapsed  times.  (From  Buchsr,  rsf.  6). 
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Figure  45.  Strain  rate  vereue  denaity  (g/cm*)  ol  two  eno ''  -mplee  under 
incren<ental  Inrreaar  of  uniaxial  atreaa.  Creep  etraia  rav  i  very  high. 


reloaded  ee-.  oral  honrt  after  extraction  from  the  mow  maaa.  It  it  obvioue  that  relaxa* 
tion  proceeaee  aro  rrost  important  in  creep  mecbanica;  tnow  really  never  reaches  a 
steady  creep  state,  it  is  ever  in  a  transient  state  of  response. 

4)  ElasHclty  mechanics 

Hare  we  deal  with' high  rates  of  stress  application,  where  die  elastic  properties 
come  to  the  fore.  Validity  of  Hooke's  law  has  been  verified  experimentally  *'  for  small 
stresses.  Young's  modulus  (E.)  at  -IOC  determined  from  stetic  load  tests,  increases 
from  10^  dyne/cm*  at  density  0.  2  g/em*  to  10**  at  density  of  ice,  according  to  an  unknown 
function.  Young's  modulus  calculated  from  resonance  vibration  (approximately  200  cps) 
of  bars  is  much  larger.**  Figure  47  covers  the  density  range  0. 27  to  0.  6  g/cm*,  and 
Figure  48  the  whole  range  from  0.27  to  maximum  ice  deosity.  Two  ranges  for  "oruinat  /" 
fine-grained  snows  are  recognised,  an  exponential  one  for  low  density,  and  a  linear  one 
for  high  density.  For  Site  2.  Creenland-snow  test  temperature  *9C,  we  have: 

C  a  6.  3  X  10*  exp  14.  6  y  dyne/cm*  for  0, 27  <y <  0.  5  (1 7) 

and 

C  a  (16.  4  Y  *  7. 20)  X  10*»  dyne/cm*  for  0,  5<y<0.  9.  (18) 

The  modulus  is  higher  than  normal  for  wind-packed  snow  (very  fine  grain)  and 
lower  for  coarse-grained  snow.  Thus  for  a  given  density,  E  decreases  with  increasing 
grain  sise.  ~ 

Young 's  modulus  is  dependent  on  test  vibration  frequency.**  usually  decreasing 
by  some  10%  between  200  and  300  cps  and  then  remaining  fairly  constant  from  300  to 
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Figure  4ii.  Depth  •  daneitr  relettoo  for  enow  (to  ice)  et  Site  2.  Greenleod  (77*  N  56*  W).  Temp  *34. 
Curve  is  celculeted  from  theor).  The  curve  for  Wilkes,  Antarctica  (66*  S  102*  E)  is  also  shown. 
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Figur«  47.  Young'*  modulus  of  snow  versu*  tlon  of  snow  and  ice  versus  density,  for 
density,  obtained  from  vibrating  bar*.  Site  4  an  extended  range  of  'ensitie*..  Site  2 
Greenland.  (From  Nakaya,  ref.  29)  and  Tuto.  Greenland.  (From  Nakaya. 

ref.  29) 


Figure  49.  Poisson's  ratio  and  Young's  modulus 
versus  densi^, ^obtaine^  f r^m ^s^eU^ic  wav*  ve- 
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600  cp«.  The  smaller  value  at  zero  cycles  may  indicate  the  existence  of  a  maximum 
somewhere  between  0  and  200  cps. 

Seismic  depth-sounding  at  Site  2,  Greenland,*  gave  information  on  elastic  moduli 
as  a  function  of  depth,  which  can  be  converted  to  one  of  dcnvily  by  means  of  the  depth- 
density  relation  (Fig.  46).  Values  of  Young's  modulus  E  and  Poisson's  ratio  v  are 
shov"i  in  Figure  49.  The  deviation  of  w  from  the  line  is~hardly  real,  and  we  write: 

V  s  0.  22  +  0.  122^  0.  4<y<0.  72  (19] 

E  =  (18.  5y-7.  85)x  10*®  dyne/cm*  0.4<y<0.  72  (20] 

These  values  of  ^are  a  little  higher  than  those  obtained  from  vibrating  bars  (rq  18). 
Seismic  records  show  no  frequency  dependence  between  70  cps  and  500  cps. 

In  large  snow  masses,  sonic  waves  propagate  according  to  the  equations  used  in 
seismic  sounding: 


compressional  wave  velocity  v 


shear  wave  velocity 


•Tf 


1  -  V 

(i  +  v)(i-iv) 


/e  1 

V  Y  '  2(14 


(21) 


(22) 


Substituting  from  eq  19  and  20,  we  can  write  expressions  lor  wave  velocity  as 
function  of  density,  lor  Site  2  snow,  0.  45<  y<  0.  72 


V,  .  2.74  X  10*  cm/s.c 

’'p  ’  ^  •  yi  lot-'y 

Relations  between  Equivalent  Paramo.ters 

For  cor.veninnco  in  transformation  between  interchangeably  used  parameters, 
following  relarisr.s  are  given: 


the 


Y  ■  density,  g/cm* 

V  «  specific  volume,  cm*/g 
n  a  porosity,  dimensionless 

a  ■  void  ratio,  dimensionless 
Y,  *  0.917,  density  of  ice 
Vj  «  1 . 090,  sp.  vol.  of  ice 

Y  -  Yi  0*")=^  *y 
.  V, 


0<Y<  0.  9)7 
«s>V>  1.  090 
l>n>0 
•>e>.0 


>.ni  -  m,  ■iwiaiaw.aM.c.t 
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Converaion  Table 

Several  dimenaional  eyatenia  are  uaed  in  text  and  ligurea.  The  following  converaion 
table  ia  given  to  facilitate  trenaformation. 

1  pal  *  V.  03  kg/dm*  »  7.  03x  10**  kg/cm*  =  70.3  g/cm*  =  6. 90x  10*  dynca/cm* 

1  kg/dm*  -  10‘*  kg/em*  ■  10  g/cm*  =  9.  81  x  10*  dynea/cin*  =  u.  M2  pal 

1  kg/cm*  =  10*  kg/dm*  »  10*  g/cm*  =  9.  81  x  10*  dynea/cm*  =  14,2  pat 

1  g/cm*  a  0. 1  kg/dm*  a  10**  kg/cm*  =  9.  81  x  10*  dynea/cm*  =  1.42x  10**  pal 

1  dyna/cm*  *  1, 02x  10**  g/cm*  a  1,  02x  10**  kg/dm*  =  1.  02x  10**  kg/cm* 
a  1.45x10**  pat 

1  kg/m*  a  10**  g/cm* 

1  g/cm*  a  10*  kg/m* 

I  kg  aec/m*  a  98, 1  dynea  aec/cm*  (poiaea) 

I  dyne  aec/cm*  *  1.02x  10**  kg  aec/m* 

1  degree  Fahrenheit  a  5/9  of  1  degree  Celatua  (formerly  Centigrade) 

Degreea  T  *  *  9/Sxdegreea  C 

Oegreea  C  a  5/9  (degreea  F  *  32) 

Degreea  Kelvin  «  271.  2  *■  degreea  C 
1  g/em*  a  2.  048  I.>/ft* 

1  g/cm*  a  42.  43  Ib/ft*. 


H.  THERMAL  PROPERTIES 

The  apeclfle  heat  of  the  gaa  in  the  porea  of  anow  ia  of  th>  order  of  a  Ihouaandth  of 
that  of  the  ice  content)  hence  the  apecific  heat  of  anow  ia  almoat  equal  to  that  -f  ice 
( ar  0.  S  cal/g'c). 

Latent  heata  of  molting  and  aubllmation  of  anow  and  Ice  (Or  80  cal/g  and  at  700  cal/g  ■ 
raapectively)  are  alao  almoat  equal.  The  valuea  for  ice  are  diacuaaed  in  another  aecUon. 

It  ia  poaaibte  that  high  preciaion  meaavrament  on  anow,  aapccially  in  the  vicinity  of 
the  melting  point,  would  ahow  amall  deviatitna  from  tha  heat  valuea  of  ice,  due  to  the 
effecta  of  amall  grain  alse  and  large  interphaae  aurface.  The  effect  of  intoratitlal  gaa 
would  then  alao  be  felt. 

No  meaaurementa  of  thermal  coefficienta  of  expanaton  of  anow  have  been  found.  One 
would  expect  them  to  be  aomewbat  amaller  than  thoaa  of  ice  (linear,  at  SOx  10  **  per  1C). 

The  thermal  conductivity  of  anow  ia  not  well  known)  meaaurement  ia  difficult,  and 
the  value  ia  not  only  a  function  of  denaity,  but  dependa  alao  on  atructure,  texture,  and 
interatitial  ainflow.  Thermal  conductivity  of  wet  anow  muat  ba  aero,  becauae  it  ia  lao* 
thermal.  Heat  can  penetrate  wet  anow  by  only  two  meana,  abort  wave  radiation  and 
percolation  of  melt  water  (roleaae  of  latent  heat  upon  refreealng).  Tbua  a  wet  anow 
la/er  ia  an  efficient  oae*way  valve  fo>'  beat  wbicb  can  got  in  (down),  but  not  out  (up). 
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In  contraat,  heat  flow  down  through  a  dry  mow  layer  under  a  temperature  gradient 
ia  amaller  than  heat  flow  up  under  an  equal,  but  inverse  gradient.  Let  us  list  the 
mechanisms  of  heat  transfer  in  dry  snow. 

A.  Conduction  through  the  ice  network. 

B.  Conduction  through  the  interstitial  air. 

C.  Radiant  energy  transfer  between  grains  along  ;emperature 
gradient. 

D.  Via  mass  transfer  in  the  vapor  phase  by  diffusion  along 
water  vapor  pressure  gradient. 

E.  Via  mass  transfer  of  air  and  vapor  in  convective  flow. 

The  magnitude  of  the  cohnponenta  A  and  C  does  not  depend  on  whether  heat  fK>ws 
up  or  down. 

When  the  upper  surface  of  the  snow  layer  is  warmer  than  the  lower  one,  the  inter¬ 
stitial  air  is  stable  (E  =  0)  and  components  B  and  D  contribute  to  downward  heat  flow. 
But  when  the  top  la  colder  than  the  bottom,  the  interstitial  air  mass  is  unstable  and 
convective  flow  can  set  in.  Component  E  can  become  much  larger  than  B  -  D. 

Reference  Z4  is  a  good  discussion  of  the  problem  of  heat  transfer  with  a  list  of 
references.  The  following  information  is  extracted; 

a)  of  the  component  (A  -f  B  f  D),  B  accounts  for  about  J  at 
Y  *  0.  33  g/cm* 

b)  Component  O  ie  almost  independent  of  density,  and  can  comprise 
as  much  as  ^  of  the  heat  transfer  in  a  snow  cove 

c)  Component  O  cannot  be  smaller  than  B. 

d)  Component  C  is  probably  not  significant;  the  temperature  is  too 
low  for  high  radiation  flux. 

A  ttui..bi.r  <  'different  empirical  equations  relating  the  conductivity  to  density 
alone  have  been  proposed.  Four  are  listed  in  reference  36,  together  with  individual 
field  ai  d  laboratory  measurements;  a  fifth  comes  from  reference  23.  The  empirical 
equations  for  k  represented  in  Figure  60,  are: 


Abels  (1894) 

k  -  0.  OOCSyf*  cal/cm-sec*C 

0. 14<y<0.  34 

Jansson  (1901) 

k  -  0.  00005  4  0.  001  9y  4  0.  OOby* 

0,  08<y<  0.5 

Van  Dusen  (1429) 

k  *  0.  00005  4  0.  001  Oy  4  0.  0052yl 

7 

Devaux  (1933) 

k  s  0.  00007  4  0.  007y^ 

0.1<y<0.6 

Kondrat'eva  (1945) 

k  >  0.  0085Y'(artificially  compacted 
snow) 

0.35<y 

The  desirability  of  new  determinations  of  thermal  conductivity  of  snow  under  v  ell 
defined  conditions  is  evident.  The  relative  influence  of  the  factors  listed  above  should 
be  further  investigated.  Crain  sise  M<ay  influence  conduction  through  the  ice  network 
(factor  A)  sufficiently  to  have  to  be  taken  into  the  conductivity  equation. 

The  reflection,  absorption  and  scattering  of  radiant  energy  by  snow  will  be  discussed 
elsewhere.  Here  it  is  only  mentioned  that  snow  has  an  albedo  (ratio  of  reflected  to  inci¬ 
dent  intensity  of  visible  radiation)  range  of  above  0.  9  for  clean  new  snow  to  about  0.  5  for 
clean  melting  old  snow.  Dry  snow  without  crusts  is  an  almost  perfect  diffuser  in  tte 
visible  range  (ref.  14)  and  both  dry  and  wet  snow  are  essentially  black  bodies  in  the 
infrared.  Dry  snow  la  relatively  highly  transparent  to  radiation  of  some  radar  and  radio 
frequencies. 
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J.  ELECTRICAL  PROPERTIES  OF  SNOW 
by 

OaUuke  Kuroiwa 


Introduction 

Sr.ow  can  be  considered  to  be  a  "mixed  dielectric"  composed  o£  air  and  ice. 

(Wet  snow  is  a  three-component  system  of  air,  ice,  and  water.  )  As  mentioned  in 
previous  Chapters  A  and  B,  the  snow  cover  on  the  ground  changes  its  internal  structure 
with  time.  It  is  to  be  expected  that  the  dielectric  properties  of  snow  will  become  very 
complicated  because  of  the  continuing  metamorphism.  Since  the  main  part  of  the  dielec 
trie  material  of  the  snow  is  ice,  a  brief  description  of  recent  studies  of  the  dielectric 
properties  of  ice  are  given  first.  Then,  the  dielectric  properties  of  the  deposited  snow 
are  described  from  the  viewpoint  of  the  "mixed  dielectric,"  bearing  a  close  relation  to 
its  internal  structure;  and  finally  the  dielectric  behavior  of  snow  in  the  high  frequency 
range  is  treated  as  one  of  the  problems  of  radio  and  microwave  engineering  in  snowy 
regions. 

Dispersion  of  the  dielectric  constant  of  ice 

A  great  number  of  measurements  have  been  conducted  by  various  authors  such  as 
Wintsch  (1932),  Smyth  and  Hitchcock  (1932),  Murphy  (1934),  Kuroiwa  (1951),  Auty  and 
Cole  (1952),  Hunibel,  Jona,  and  Scherrer  (1953)  and  Cranicher  (1957)  since  J.  Errera 
made  his  first  experiment  on  the  frequency  dependence  of  the  dielectric  constant  of  ice 
in  1924.  The  anomalous  dispersion  of  the  dielectric  constant  of  ice  in  the  audio  region 
is  expressed  by  the  well  known  Debye  formula  for  polar  dielectrics. 


(») 


wSwre  e*  cs  as?  constant  of  ice,  s'  a.td  t"  are  real  and  Imaginary 

pstrta  of  t*.  -im— sn — rsiy.  c.  oilled  the  "static  dielectric  constant"  r-  "direct 
current  dieleccrar  anatant"  anc.  is  the  "high-frequency  dielectric  constant"  or 

"ootical  dielecxr-.c  coBstant.  -  me  relaxation  time,  u  the  angular  frequency.  These 

sre  important  constame  fundi  ms  nrjc;  to  dielectrics. 


The  characteriesc  constanrf  and  r  can  be  determined  approximately  <n  the 

following  way.  If  wr  eliminate  c-  from  eq  (1): 


(2) 


This  is  an  equation  :i  a  cinm-naprteaijd  by  t''and  t".  Consequently,  if  measured 
values  of  s'  and  r  ire  nlotteu  :or  eac.i  frequency  in  rectangular  coordinates,  their 
loci  will  form  a  aKciirircie  of  oiameter  (c,  •  c«e)  'vith  its  center  on  the  t*-axis  at  the 
locatinn  of  1  /2  •  t*,  Thit  m  me  so-called  "Cole-Cole"  circle.  The  typical  Cole- 

Cole  circlea  of  v^m-iuus  einds  o:  .cr-  oitained  by  Auty  and  Cole  (1952)  are  shown  in 
Kigure  J-  The  number  shown  oi  «aon  ooint  on  the  circles  shows  the  frequency  in  kc; 
frequency  sicreaaee  from  right  iie  nm  the  circles.  The  two  Intersec.tions  of  indi¬ 
vidual  aemicirciee  with  the  t'-aann  nw*  c,  and  s«  respectively.  Curvy  (a)  represents 
c*  of  ice  wnich  has  cracks  peroBmo;  uar  to  the  direction  of  the  applied  electric  field; 
curve  (b)  mat  of  ice  which  is  camtuvteiv  cure,  with  no  cracks  and  bubbles; 
curves  (c)  and  (d)  that  of  ice  wluuii  vuahtly  contaminated  with  impurity,  but 
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Figure  J*l.  Complex  dielectric  conetanu 
of  varioue  kinda  of  ice  (Auty  aodCole,  1952). 


ha«  neifter  cracks  nor  air  bubbles. 
Designating  (b)  as  giving  the  standard 
value  of  a*  of  pure  ice,  and  estimating 
Co  and  one  obtains  to  >  95  and 
c«o  =  3.2.  In  case  (a),  where  cracks  exist 
in  the  interior  of  the  specimen,  Co  =  60 
and  Sao  =  3.2.  In  cases  (c)  and  (d),  con¬ 
taminated  ice.  €i  =  110,  and  c«  =  3.2, 

As  shown  in  Figure  J-l,  chemical  impurity 
increased  s#  to  a  value  greater  than  that 
of  pure  ice.  On  the  contrary,  cracks  and 
air  bubbles  diminished  cg  to  a  value 
smaller  than  that  of  pure  ice.  (The  influ¬ 
ence  oi  chemical  impurities  on  the  dielec - 
trie  constant  of  ice  is  remarkable.  Smyth 
and  Hitchcock  (1932)  found  that  it  was 
incraased  by  more  than  20%  when  potas¬ 
sium  chlori^  was  added  to  the  water  in 
so  small  an  amount  as  15  mg  to  a  liter  of 

water.  Humbel  ^  al.  (1953)  also  found  that  the  dielectric  constant  of  contaminated  ice 
could  reach  the  value  of  about  1 000  at  low  frequency  range  while  that  of  pure  ice  lay  near 
90.)  However,  no  influences  of  the  contamination  or  cracks  are  observed  in  high-fre¬ 
quency  dielectric  constants  obtained  from  extrapolation  of  the  Cole-Cole  circle.  (This 
fact  does  not  mean  that  the  high  frequency  dielectric  constant  is  not  influenced  at  all  by 
cracks  or  contamination,  because  the  Cole-Cole  circle  is  only  an  approximate  method  for 
obtaining  c«s). 

The  determination  of  r  is  as  follows:  as  seen  from  eq  (l),  c”  takes  a  maximum 
value  for  the  frequency  Umax  which  satisfies  ur  =  1.  If  the  frequency  which  gives  a 
maximum  c"  on  the  frequency  dependence  curve  is  designated  by  Umax>  obtains 
T  *  l/lsmaX'  Tha  anomalous  dispersion  of  the  dielectric  constant  '  '  ice  in  the  audio¬ 
frequency  range  was  explained  by  Granicher  at  al.  (1957),  ass  :  that  the  dipole 
orientation  of  water  molecules  in  the  ice  crystarcan  be  achieve  ugh  lattice  imper¬ 
fections.  The  rulax:  lion  time  r  ia  the  time  required  for  the  dlpo.a  orientation  in  nn  ice 
crystal,  and  is  expressed  by 

T  "  A  er.p  (E/kT)  (3) 

where  ^is  the  frequer.  :y  factor  due  to  lattice  vibratioo  5. 3  x  10'**  sec,  E_tUe  activation 
energy  required  for  the  orientation  of  dipole  (>13.  2  Kcal/mol)  k  the  Boltsmann  constant, 
and  T^  the  absolute  temperature,  *K.  ~ 

Since  the  ice  crystal  belongs  to  the  hexagonal  system,  an  anisotropy  of  th,  dielectric 
constant  in  the  directions  of  the  crystal  axes  is  to  be  expected.  According  to  the  experi¬ 
mental  Study  of  Humbel  et  al.  (1953),  tha  dielectric  constant  of  a  single  crystal  of  ice  in  the 
direction  parallel  to  c-axls  was  about  10%  higher  than  that  in  the  direction  perpendicular 
to  the  c-axis,  but  the  anisotropy  was  lost  with  decreasing  temperature.  (At  a  tempera¬ 
ture  below  -900,  it  became  Isotropic.) 

As  shown  in  Figure  J-l,  («,  the  high-frequency  or  the  optical  dielectric  constant, 
is  3.2.  This  value  does  not  agree  with  the  square  of  the  optical  index  of  refraction  of 
ice  (1.31*  =  1.  72),  Recently  the  measurement  of  t»  of  ice  was  extended  to  1. 25—3.  2  cm 
wavelength  by  Lamb  and  Turney  (1949)  and  Gumming  (1952);  however  its  value  still 
remains  et  3. 18. 

Dielectric  properties  of  snow  in  the  audiofrequency  range. 

Cole-Cole  circle  of  s*  of  snow.  In  order  to  measure  the  dielectric  constant  of 
snow,  a  block  cut  (rom  naturally  compacted  snow  was  placed  tightly  in  a  condenser  box 
as  a  dielectric  between  electrodes.  The  measured  values  of  t<''  for  various^ kinds  of 
snow  are  given  in  Figure  J-2.  Curve  1,  Figure  J-2a  shows  ho—  rapidly  the 'dielectric 
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Figure  J*2.  Complex  dielectric  coaetents  of  verioue  kind*  of  eno^. 

conetent  of  wet  enow  incremeee  with  diminUhing  frequency,  which  muet  be  escribed 
chiefly  to  the  Increase  of  ionic  conductivity  due  to  the  presence  of  liquid  water,  s^  an'*i 
c«  of  wot  snow  (obtained  from  extrapolation  of  the  Cole*Cole  plot)  are  33  and  4  respe  > 
tively.  After  finishing  the  first  measurement,  the  same  specimen  was  placed  in  a  cold 
room  and  the  second  measurement  was  carried  out  at  a  temperature  of  -9.  OC  (Fig.  J*2a, 
curve  U).  Here  we  get  c,  s  26  and  c«  *  1.8.  The  difference  in  t*  between  wet  snow 
and  dry  snow  must  also  arise  from  the  presence  of  liquid  water  in  wet  snow.  In  fact,  the 
dielectric  constant  of  water  remains  about  80  up  to  microwave  range,  whereas  in  the  case 
of  ice  the  dispersion  occurs  in  the  audiofrequency  range.  Figure  J*2b  shows  t*  of  "pure 
snow, "  a  very  loose  assemblage  of  hoar  frost  crystals  which  was  carefully  prepared  in  a 
cold  room,  without  any  contamination  being  introduced.  As  is  expected,  c*  of  pure  snow 
forms  a  complete  semicircle.  Figure  J-2c  and  J-2d  represent  the  t*-curves  of  granular 
and  compact  snow,  respectively.immedlatelv  after  the  snow  was  packed  into  the  condenser 
(curve  I;  and  about  half  a  day  later  (curve  ll).  Although  the  temperature  of  snow  and  •' 
macroscopic  density  were  constant  in  both  cases,  the  dielectric  constant  Increased  with 
the  elapsed  time.  C(,  obtained  from  extrapolation  of  the  Cole-Cole  circle,  increased 
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from  13  to  17  in  aranular  anow,  and  from  13.  5  to  17  in  compact  anow.  However,  no 
change  of  a—  waa  obaerVed  in  either  caae.  The  time  dependence  of  the  dielectric  con- 
atant  of  aco"  la  explained  by  the  fact  that  the  ice  particlea  in  anow  become  more  and 
more  coherent  aa  time  elapaea.  being  connected  by  ice  bonda  formed  mainly  through 
aintering  proceaaea.  Adheaion  between  anow  particles  and  electrodes  also  will  increase 
with  time,  with  a  resultant  increase  in  static  dielectric  constant  of  snow.  tThe  detailed 
explanation  will  be  given  later.  ) 

Wiener's  theory  for  the  mixture  of  dielectrics.  Tno  scow,  considered  to  be  a 
"mixture  ^Hielectrica , "  consists  of  two  media  -  ice  and  air.  In  general,  the  mean 
electric  field  £  of  the  mixture  is  given  by  the  following  relationships 

E  >  pE,  4  (1 -p}Cx.  "1  (4) 

tE  =  eipE,  ♦  a,(I -p)E,  I 

where  E,  and  Ej  are  the  mean  electric  fields  of  the  media  1  and  2,  respectively,  c  is 
the  resultant  dielectric  constant  of  the  mixture,  C|  and  a*  are  the  dielectric  constants  of 
each  component  medium,  and  £  is  the  proportion  of  the  volume  occupied  by  medium  1  to 
the  total  volume. 

Putting  Ex/E,  =  U  -  f,  ♦  u  /e,  ♦  u,  we  obtain 


or 


,  ,  ilEUjLliJiZJ 

*  pO  ♦(»-?) 


IJ.  .  ElfuJi 

S+U  C|4'U 


(5) 


This  is  Wiener's  equation  for  the  mixture  of  dielectrics.  The  resultant  dielectric  con* 
stant  of  the  mixture  is  not  only  a  function  of  £,  but  also  depends  on  the  parameters  V_  or 
u:  The  magnitude  of  u,  the  so-called  "form  number"  (Formsh/*  German),  is  closely 

Telated  to  the  structure  of  the  dielectric  mixture.  If  medium  .  spersed  in  medium  2 
with  a  small  \  otuj.><  concentration  £,  u  is  determined  only  by  t>  .  .ape  of  dispersoid  1, 
To  determine  ha-.v  u  varies  with  an  arbitrarily  varying  shape  of  the  dispersoid  is  a  diffi¬ 
cult  problein,  but  we  can  grasp  the  idea  of  the  physical  meaning  ot  u  from  the  following 
conslderattons:  Assume  that  the  shape  of  the  dispersoid  particle  is~cyllndrical.  Then, 
if  the  cylinders  were  -irranged  between  the  two  electrodes  of  a  condenser  with  their  axes 
parallel  to  the  direction  of  the  applied  field,  u  would  be  infinitely  large,  since,  in  this 
case,  the  resultant  dielectric  constant  s  of  the  mixture  comes  out  to  be 


s  «  p  s,  f  (1  -p)  c,  (u  «  (6) 

which,  as  is  to  be  expected,  gives  the  sversgs  .value  of  the  two  dielectric  constants,  and 
expresses  the  maximum  value  eltainable  for  the  resultant  dielectric  constant  of  the  mix¬ 
ture  with  given  concentration.  If  the  shape  of  the  dispersoid  particle  is  spherical,  u  >  .  .. 
If  the  dlapersoid  consisea  of  thin  platea  with  their  pianos  perpendicular  to  tho  direction  of 
the  applied  field,  u  ■  0,  and 


«l(J  ‘PI  t  e,p 

which  ia  ihe  minimum  poasible  value  of  s. 


If  wo  asaume  an  equivalent  circuit  for  these  snow  condsnsers,  eq  6  and  7  mean  a 
parallel  connection  end  a  aeries  connection  of  the  ice  condensers  and  the  air  condeneere, 
respectively. 


According  to  these  considerations,  increase  of  form  number  u  Implies  the  Increase 
of  lengthv/iae  arrangement  of  the  dispersoid  in  the  direction  of  th^ applied  field. 
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Static  and  high  t’reouency  dielectric  Constanta  of  the  natural  mow  a«  a  function 
ot  p.  In  Figure  *ao°^  various  tcincis  of  tnow  are  plotted  against  £,  the  ratio 

of  the  density  of  snow  to  that  of  ice:  £  gives  the  proportion  occupied  by  ice  particles 
in  a  unit  volume  of  snow.  Ail  the  dat.i  were  obtained  immediately  after  the  snow  was 
plai  ed  in  the  condenser.  It  is  seen  that  the  values  of  both  Co  and  too  show  a  general 
tendency  to  increase  with  increasing  £,  being  scattered  within  a  narrow  band,  as  indi¬ 
cated  in  the  figure.  Curves  ia).  (b),  (c),  (d)  and  (el  reprerent  the  relationship  between 
to  and  £  calculated  from  eq  5.  using  values  of  u  =  0,  2,  10,  25,  and  «>,  respectively. 

(In  this  calculation,  C|  =  80  for  ice,  and  t,  =  1. 0007  for  air  were  used. )  The  observed 
values  of  Cg  of  natural  snow  were  dispersed  between  (c)  and  (d),  implying  that  their 
form  number  ranged  from  10  to  25.  The  observed  values  for  too  were  scattered  close 
to  curve  (b')  calculated  by  using  u  =  n,  C|  =  3.  2  for  ice,  and  Cg  =  1. 0007  for  air.  The 
form  number  for  e«,  came  in  the  range  2.  5  to  10.  Curve  (a')  illustrates  the  m.niirum 
value  of  Cao  calculated  as  u  =  0.  The  black  circles  indicated  in  Figure  J-3  represent  the 
Cumming's  results  (1952)  for  the  wavelength  of  3.  2  cm.  A  good  agreement  is  found 
between  obtained  from  extrapolation  of  the  Cole-Cole  circle  and  that  measured 
directly  bj  microwave  techniques.  Three  arrangements  of  the  dispersoid  for  the  cases 
of  u  =  aq  2  and  0  are  shown  schematically  in  the  lower  right  comer  of  Figure  J-3. 

Variations  of  c*  and  electrical  conductivity  of  snow  due  to  ice  bonding.  The  ice 
partfcles  in  deposited  snow  oecome  more  and  more  coheient  as  time  elapses,  being 
connected  by  ice  bonds;  this  has  a  great  influence  upon  the  dielectric  properties  of  snow. 
Curves  (c)  and  (d)  in  Figure  J-2  show  this  effect  but  the  fvl’owing  experiment  demon¬ 
strates  this  phenomenon  more  clearly. 

A  block  of  compact  snow  was  pulverised  to  powder  to  break  up  the  ice  bonds,  and 
then  was  packed  to  an  average  density  of  0.  45  g/cm*  in  the  conde.  ser.  The  temperature 
was  kept  constant  at  -3.  OC.  The  observed  variations  of  s'  and  c"  with  frequency  are 
illustrated  in  Figure  J-4a,  the  lapse  of  time  after  the  first  measurement  being  taken  as 
the  parameter.  Figure  J-4b  gives  the  corresponding  Cole-Co'*  diagram  for  s*.  Cg 
obtained  through  extrapolation  is  found  to  increase  from  15  '  34  as  time  elapses, 

while  r-rr -ri-*  constant  The  form  number  u,  as  indie*  this  figure,  also 

increases  i.itii  i:  ne  from  u  *  20.9  to  263,  which~impties  tha  ,  ice  bonds  were  pro¬ 
gressive  !y  formed  betwee.r  ico  particles  and  likewise  between  the  electrode  and  ice 
particle  r.  The  inutual  cohesion  of  ice  crystals  is  at  first  only  insignificant,  but  as 
time  goes  on  ice  bonds  begin  to  grow,  so  that  the  crystals  arc  eventually  linked  together. 
Figure  J-5  shows  t’  e  variation  of  apparent  electrical  conductivity  K.._  of  the  same 
specimen  as  a  function  of  time.  of  snow  increased  with  time.  Though  the  elec¬ 

trical  conductivity  of  ice  Itself  does  not  change  with  time.  Such  an  aging  effect  on  K,., 
of  snow  must  be  explained  by  shortening  of  electrical  paths  due  to  the  ice  bonding. 
Schematic  diagrams  of  ice  bonding  taking  place  in  the  snow  condenser  a.u  shown  in 
Figure  J-Silce  bonding  under  tha  constant  temperatiirr  is  achieved  mainly  through 
sintering  proces.«es  described  by  Kingery  (I960)  and  Kuluiwa  (1961). 

ptslcctrlc  aftereffect  and  direct-current  conductivity  of  snow.  It  is  easily  under- 
standable  that  many  difficulties  in  measuring  d-c  conductivity  will  arise  from  the 
complexity  of  its  internal  structure.  In  addition,  natural  snow  contains  chemical 
impurities;  for  instance,  the  following  chlorine  ion  content  can  be  observed  in  1  liter 
of  melted  snow;  several  hundred  milligrams  near  the  sea  coast,  several  tens  of 
milligrams  in  an  urban  district  and  a  few  milligrams  well  inland.  The  chemical 
Impurities  greatly  influence  the  d-c  conductivity  of  snow,  When  a  d-c  voltage  is  abruptly 
applied  to  a  condenser  filled  with  a  dielectric,  the  total  current  I_  passing  through  the 
condenser,  in  general,  can  be  written  in  the  following  form;  ~ 

I  •  1,  4  I,  ♦  Ij  (8) 


where  I^  is  an  instantaneous  current,  1|  a  time-dependent  current,  and  Ij  a  time 
independent  current  or  d-c  conduction  current.  At  the  moment  of  application  of  the  d-c 
potential,  Ij  flows  as  a  result  of  instantaneous  displacement  of  interatomic  electric 
charges,  then  It  follows  Immediately,  indicating  an  exponential  decrease  with  lapse  of 
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time.  (The  time  required  ior_It  to  drop 
to  i  /e  ^  ita  initial  value  ie  tfa^  relaxation 
time  T  z  IA>max,  where  «max  i* 
angular  frequently  which  gives  the  maxi¬ 
mum  value  of  dieleiiric  loss.)  After  a 
certain  period,  Jt  approaches  a  time- 
independent  cur'rentj^  given  by  a  true 
resistivity  ord-c  resistance  of  the 
dielectrics.  These  phenomena  are 
called  dielectric  aftereffect.  If  the 
material  is  pure  and  has  a  single  relax¬ 
ation  mechanism,  1^  or  d-c  conductivity 
can  easily  be  measured.  On  the  con¬ 
trary,  if  the  material  is  impure  ^nd  has 
a  complex  relaxation  mechanism  like  a 
snow,  discrimination  betweenj[t  and  Id 
becomes  very  difficult  because  of  io^c 
conduction  due  to  chemical  impurities. 

A  Snow  block  cut  out  from  the  bottom 
layer  of  snow  cover  deposited  in  an  urban 
district  was  used  as  a  specimen.  Its  density  was  0. 4  g/cnr.*.  The  Initial  currents  are 
shown  in  Figure  J- 6.  Figure  J-6a  Illustrates  the  time  dependency  of  1  as  a  function 
of  the  applied  voltages  at  constant  temperature  -12C.  Since  it  was  impossible  to  deter¬ 
mine  J[f  and_It  accurately  for  times  shorter  than  2  x  10**  sec ,  part  of  the  curve  is  shown 
by  dotted  lines.  The  observation  of_It  was  continued  for  5  min  after  application  of  the 
voltage  but  the  decrease  jof^t  still  continued.  The  inserted  graphs,  d,  show  the  decrease 
of  Jt  O'  10'*  sen,  5‘  10**  sec,  5‘  10'*  sec,  5  sec  and  5  min  against  the  applied  voltages. 

Figure  J-6b  represents  the  records  of_lt  vs  lime  for  different  temperatures  at  constant 
applied  voltage  290  v.  As  wilt  be  seen  iiTcurves  a,  b,  c,  and  d,  _It  decreases  remarkably 
with  decreasing  temperature,  implying  that  d-c  conductivity  of  ~ow  strongly  depends  on 
the  apace  charge  polarization.  In  both  experiments,  thersfo  was  vary  difficult  to 
datormiue  cl  ur~\  -independent  current  nut,  if  we  definw  the  current  at  5  min 
after  the  d-c  voltage  application,  the  d-c  resistivity  of  this  snow  comes  0‘it  to  bo  4,28  x 
10*  ohm*  (  m**  (at  -12C).  The  behavior  of  the  space  charges  in  natural  snow  containing 
some  chemiCHl  irr..-.uTities  is  demonstrated  more  concretely  by  the  following  experiment. 
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Figure  J-5.  Variation  of  apparent  elec¬ 
trical  conductivity,  K,.,.  of  snow  with 
time. 


As  shown  in  Fi(,ura  J-7,  two  probe  electrodes  TJj  and  were  inserted  into  the  snow 
condenser,  _J|  was  located  at  1/5  the  distance  between  the  two  electrodes  of  the  condenser, 
^  at  the  center  position  between  them.  A  potential  of  300  v  was  applied  to  the  snow  con¬ 
denser,  and  the  voltage  change  with  time  between  probes  and  outer  electrodes  was 
measured  by  an  electrometer.  Curves  1,,  1,  represent  the  voltage  change  of  the  probes 
Tj  and  Tj,  respectively.  The  potential  I|  increased  with  Increasing  time,  but  that  of 
K  was  Mpt  constant.  According  to  Joffb  (1928),  the  change  of  voltage  of  the  probe  ^ 

(a  explained  by  the  migration  of  the  space  charges  with  time.  Siksna  (1457)  measuretT 
the  d-c  conductivity  of  snow  using  sandwich  electrodes  and  observed  a  similar  phenoirenon. 
A  reasonable  explanation  has  not  yet  been  given  for  the  mechanism  of  the  space  charge 
migration  in  snowj  however,  the  following  mechanism  may  be  proj  <sed  for  the  electrical 
conductivity  of  snow.  As  was  pointed  out  by  Murphy  and  Lowry  (1930),  electrical  con¬ 
duction  in  solid  dielectrics  composed  of  microscopic  cellular  structures  is  achieved 
through  a  thin  llquidlike  film  which  can  be  considered  to  exist  on  the  interfacial  surfaces, 
where  many  ions  are  absorbed  as  shown  schematically  in  Figure  J-8.  After  the  application 
of  the  electric  field,  these  ions  can  move  towards  the  applied  field  and  cause  polariz«tio>i, 
Nakaya  and  Matsumoto  (1953)  suggerted  the  existence  of  liquid  water  film  on  the  ice 
surface  even  at  temperatures  below  OC,  In  the  case  of  snow,  the  liquid  film  can  be 
considered  to  be  a  liquid  solution  film  containing  some  chemical  impurities.  Its  thickness 
will  increase  with  ircreasing  temperature.  At  higher  temperature,  the  increase  of  freely 
movable  ions  results  in  the  increase  of  the  electrical  conduction  of  snbw.  In  fact,  snow 
particles  are  connected  by  ice  bonds.  The  space  charges  can  be  transferred  through  long 
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Figure  J-9.  Relation  between  Ac  and  free 

Ac  =  dielectric  con-  Figure  J-10.  An  interference  method  for  . 
aunt  (wet  enow)  —  dielectric  constant  (dry  determining  the  dielectric  conctant  of  enow  ' 

(Acami  and  Kurobe,  1949). 

electrical  pathe  formed  by  ice  bonds.  In  Figure  J-8,  curvet  (a)  and  (b)  represent  the 
Umperature  dependence  of  the  thickness  of  the  solution  film  existin';  on  the  ice  sphere 

surfaces.  Approximate  calculations  were  performed  by  atauming  tnat:  1)  30  mg  of 

NaCl  are  contained  in  one  kilogram  of  snow,  2)  snow  is  made  of  pure  ice  spheres 
having  diameters  of  0.  5  mm  and  1  mm,  respectively,  3)  each  particle  is  covered  with 
a  concentrated  NaCl  solution  in  equilibrium  with  ice  at  a  given  '■  nperature.  The 
thickness  of  the  solution  film  increases  with  increasing  temp.  n;  this  fact  may 
explain  tic  i.  '  i^ei-turc  dependence  of  the  electrical  conduct!,  .  snow. 

Dielectric  propArtUs  of  snow  in  the  high -frequency  range  ~  in  relation  to  radio  and 
mterowav  j  cosv-m.wiication  problem*  iti  a  ynowy  district  ■ 


Dielectric  const,.nt  of  wet  snow.  Since  the  dielectric  constant  of  water  is  much 
urgar  than  that  oi  ic«  at  high  lr€()U«ncy  (from  >  to  10^  megacycles)*  namely  about  80 
for  the  forme/  and  3.  Z  for  the  Utter,  it  is  to  be  anticipated  that  of  wet  snow  must 
Increase  in  proportion  to  its  free  water  content.  The  presence  of  even  a  s-nall  amount 
of  li<iuld  water  will  be  of  great  Importance  for  the  dielectric  behavior  of  snow.  In 
Figure  J-9,  Ihe  difference  Ac  between  the  high  frequency  dielectric  constant  of  wot  snow 
and  that  of  dry  snow  is  plotted  against  free  water  content.  Wet  snow  having  a  density 
of  about  0.  5  g  cm  was  used  in  testing.  The  observed  curve  (a)  does  not  pass  through 
the  origin  of  the  coordinates,  that  is.  At  remains  finite,  even  when  tree  water  content  la 
measured  as  aero.  (This  arose  from  the  fact  that  the  centrifugal  separator  was  incapable 
**P*J**‘'’8  free  water  completely.  )  A  true  relationship  between  As  and  water  content 
Should  be  expressed  by  curve  (b).  The  dielectric  constant  of  dry  snow  having  a  density  of 
0.  5  g  cm*,  for  example,  it  found  to  be  2.  4  (Fig.  J  s).  If  this  snow  becomes  wet  until  it 
contains  20'S  water,  its  dielectric  constant  will  become  2.  4  t  1.8  >  4.  2,  Figure  J-IO 
shows  another  experiment  concerning  the  determination  of  the  dielectric  constant  of  wot 
snow  by  the  interference  of  an  electromagnetic  wave.  An  electromagnetic  wave  having 
*  111*"’  '“•''•length  was  emitted  horisontally  from  a  transmitter  and  projected  by  a  me¬ 
tallic  reflector  onto  the  surface  of  snow  packed  in  a  shallow  box.  Part  of  the  Incident 
wave  IS  reflected  at  tht  snow  surface,  and  ancther  part  Is  refracted  into  the  snow  and 
then  renected  again  at  the  base  of  the  snow.  Rsflected  and  refracted  waves  combine  to 
make  an  interference  image  on  the  receiver  placed  opposite  the  transmitter.  When  water 
was  poured  onto  the  snow  surface,  the  signal  received  by  the  receiver  changed  as 
i  function  of  the  quantity  of  water.  The  dielectric  constant  of  the  snow  increased  with 
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increaaiiig  water  content.  The  change  of  the  dielectric  constant  of  snow  corresponds  to 
the  apparent  increase  of  the  thickness  of  snow.  Therefore,  it  can  be  assumed  that  the 
following  relations  are  satisfied  between  wavelength  thickness  of  snow  d,  and  s: 
d>/cA  >  3/4,  d>/s/X  a  1,  and  da/cA  =>  1^  at  the  points  a,  b,  end  c  on  the  cTirve.  One  can 
easily  calculate  the  dielectric  constant  wet  snow  from  these  relations. 

C  *  2.  3  fat  a,  no  water  poured) 
s  >  4. 0  (at  b,  1.5  liters  of  water  poured) 
s  a  6.  0  (at  c,  3.0  litv.'s  of  water  pouted) 

Loss  factor,  tan  ft,  of  snow  at  high  frequency  range  and  abtorption  of  the  electro- 
majtnetlc  waves  by  anow^  The  loss  factor,  tan  (),  of  snow  is  needed  in  radio  communi¬ 
cations  in  a  snowy  district.  In  Figure  J*ll,  values  of  tan  6  obtainci  by  various  authors 
for  snow  of  0.  3  g/cm*  are  plotted  in  the  frequency  range  between  10*  cps  and  10**  cps 
(100  kc  and  10  gc*).  Unfortunately,  observed  data  are  lacking  in  the  frequency  range 
between  10*  and  8  x  10*  cp«  (10  me  and  8  gc).  There  is  no  reason,  however,  to  suppose 
that  the  frequency  dependence  of  tan  $  in  these  ranges  is  not  monutonic,  so  that  the 
value  of  tan  8  can  be  estimated  from  a  dotted  line  If  required.  As  is  expected  from 
previous  sections,  tan  8  of  snow  is  greatly  influenced  by  a  free  water  content.  Typical 
data  measured  at  9.  37  gc  are  given  as  a  function  of  the  free  water  content  in  Figure  J*1 1 . 
Black  circles  represent  the  values  of  tan  6  for  ice  obtained  by  various  authors.  No  good 
agreement  of  the  observed  data  is  seen  at  the  frequency  of  10**  cps. 

If  the  initial  amplitude  of  the  electromagnetic  wave  projected  vertically  onto  the 
snow  surface  is  expressed  by  (at  x  »  0)  and  that  reached  at  a  certain  depth  from  the 
surface  by  1  (at  x  =  x),  1  is  glvtn  by 


*  Is  ») 


where 


^  1  ♦  ten*  6  -  1  ^  s 


X,  the  waveluugtKi  the  dielectric  constant  of  snow.  Using 
be  calculated  as  follows: 


Depth 

1  m 

2  m 


l,/lo  (^‘’*’  • 
0.999 
0.985 


1/1*  (for  5  me) 

0.985 

0.970 


(9) 

the  ratio  Ix/lo  can 
at  -4.  OC 


Decrease  of  radiation  ^wer  from  high-frequency  ant-*nna  due  to  icing  or  snow 
accretion.  A  common  nroblem  in  snowy  districts  Is  snow  aerrntinn  nr  irme  nn 
antennas.  As  mentioned  above,  the  absorption  of  the  electromagnatic  wave  in  snow  due 
to  dielectric  loss  can  be  considered  to  be  negligibly  small,  so  long  as  the  snow  does  not 
begin  to  melt.  In  order  to  study  this  problem,  Asami  and  Kurobe  (1949)  made  this 
laboratory  oxperiment:  A  dipole  antenna  was  enclosed  in  a  glass  tube,  and  snow  was 
packed  in  it  to  create  a  situation  analogous  to  natural  snow  accretion.  A  wavelength  o 
9  cm  was  used.  When  the  air  temperature  was  kept  below  OC  and  the  snow  was  main¬ 
tained  in  a  dry  condition,  no  effect  was  observed,  but  when  the  antenna  was  placed  in  a 
warm  room  kept  at  +160,  a  remarkable  decrease  of  radiation  took  place  with  elapsed 
time.  In  Figure  J-12a,  curve  I  shows  the  decrease  of  receiver  current  with  increasing 
time.  The  snow  begins  malting  at  the  contact  surface  with  the  inside  wall  of  the  glass 
tube.  Since  water  content  of  the  snow  should  increase  with  time,  it  is  quite  natuial  to 
assume  that  the  decrease  of  radiation  of  an  electromagnetic  wave  can  be  attributed  to 
the  increase  of  free  water  content  of  snow.  The  same  experiment  was  conducted  using 
an  iced  antenna.  When  the  surface  of  ice  which  covered  the  dipole  antenna  began  to 
melt,  Uie  radiation  power  greatly  decreased  as  shown  in  Figure  J-12,  curve  U.  Figure  J-12b 
illustrates  another  experiment  for  an  electromagnetic  wave  of  100  cm  wavelength. 

In  this  case,  only  a  slight  decrease  in  radiation  was  observed  at  the  melting  point,  though 
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figure  J*ll.  Ten  b  al  enow  et  frequency  range  10*  -  10-*  cpa. 
All  valuea  not  otherwlee  marked  were  obtained  by  the  author. 


f'..e  eurface  of  ice  wae  covered  with  melted  water.  In  above**''  tioned  experlmenta, 
the  decreaae  of  receiver  current  takes  place  mainly  as  a  re:.  an  impedance  mia* 
matching  of  i.c  -if  anna  and  dielectric  loaaea  due  to  wet  anow  .-etion  or  icing.  When 
a  eomplefo  matching  of  impedance  waa  applied  for  the  antenna,  no  decreaae  of  radiation 
power  waj  obacri’ed.  From  this  fact,  the  inference  can  be  drawn  that  the  decreaae  of 
radiation  of  the  cloctromagnelic  wavea  meat  be  attributed  more  to  the  Impedance  mia* 
matching  of  atUonna  circuit  than  to  the  dielectric  loaa  due  to  anew  or  ice. 

Deflection  of  a  beam  of  electromagnetic  wavea  emitted  from  an  iced  feedhorn. 

Mlc rowave  Vndia'trdn  ia  transmitted  ae  a  straight  beam  from  a  feedhorn.  It  la  very 
important  for  microwave  communication  in  snowy  districts  to  know*  how  rn'ich  deflection 
of  an  emitted  beam  occurs  as  a  result  of  icing  or  snow  accretion  on  the  feedhorn.  In 
order  to  obtain  some  information  about  scattering  of  the  beam  under  these  conditions, 
microwave  radiation  of  12  cm  wavelength  was  transmitted  from  a  feedhorn  having  the 
dimensions  shown  in  Figure  J-IXA  detector  was  fixed  at  a  distance  of  60  cm  from  the 
feedhorn,  and  the  strengll.  of  the  el  ictric  field  emitted  frem  the  feedhorn  waa  moasu.  ed. 
The  feedhorn  could  be  rotated  horixontally  around  a  vertical  axia  to  measure  the  dis* 
tribution  of  the  field  strength  of  e  ecattered  beam  as  a  function  of  the  angle  of  rotation. 
The  typical  distribution  curves  of  a  scattered  beam  are  illustrated  in  Figure  J-ll.  Curve 
(a)  represents  a  normal  distribution  curve  of  the  emitted  beam  from  a  noii*iced  feedhorn. 
When  the  horlsontal  axis  of  a  feedhorn  was  directed  toward  the  detector  (in  thia  case, 
angle  >  0*),  the  strength  of  the  electric  field  reached  a  maximum  valuei  whon  the  feed* 
horn  waa  rotated  around  a  vertical  axis,  the  detector  gave  a  aharp  symmetrical  distrl* 
button  curve  from  side  to  aide.  Curves  (b)  through  (f)  illustrate  the  chahge  In  the 
distribution  curve  of  the  scattered  beam  emitted  from  the  feedhorn  when  the  snow  block 
waa  attached  In  various  vays  to  Ita  inside  surface.  Curves  (g)  through  0)  represent 
the  cases  where  the  snow  blocks  of  various  shapes  wars  attached  to  the  outside  of  the 
feedhorn.  All  experiments  were  carried  out  with  wet  snow.  Dry  enow  kept  below  OC 
showed  no  Influence  on  the  tranemisaion  of  a  12  cm  wave.  Figure  J*9  euggeets  that  wet 
snow  accretion  of  irregular  shape  on  the  feedhorn  greatly  disturbs  the  direction  of  the 
emitted  beam.  Uniform  snow  accretion,  e.  g.  (f)  a:‘id  (g),  however,  does  not  deflect  the 
beam  aignificantly. 


r 

r 
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Figure  J-U. 


Scattering  of  a  12  cm  wave  due  to  snow  accretion  on  a  feedhorn 
(Matsukawa  and  Kobayashi,  1955). 
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